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Abstract 
 
The world faces a major problem. Fossil fuel sources are finite and the economic and 
environmental cost of those that actually remain make finding an alternative one of the 
great technological challenges of our age. Nearly 70% of refined oil is used for 
transportation making it one of the key sectors where change could yield large-scale global 
benefits. Combustion engine passenger vehicle technology is after a long period of 
stagnation progressing at a pace. Hybrid electric vehicles (HEVs) and battery electric 
vehicles (BEVs) are also starting to penetrate the mass market. Unfortunately, HEVs do 
not remove our dependency on oil and the prospects of battery technology advancing 
sufficiently to allow BEVs to progressively replace the entire oil fuelled vehicles are 
currently slim. Their limited range and long recharge times prohibit them being useful for 
most modes of driving. 
 
One solution to the problem may be hydrogen fuel cell electric vehicles (H2FCEVs) as they 
offer great promise, but realistically face many challenges. The fuel cell allowed man to 
voyage to the moon in the 1960s and recent material advances have enabled them to be 
packaged into motor vehicles, so providing a zero emission replacement for the internal 
combustion engine. However, substantial infrastructure and geopolitical changes are 
required to make hydrogen production and delivery economic but this gas potentially 
offers a clean and sustainable energy pathway to entirely replace fossil fuels in motor 
vehicles.  
 
Few reported studies have comprehensively examined the optimal method of building 
power drive train subsystems and integrating them into an architecture that delivers energy 
from a fuel cell into driven road wheels. This project investigated the optimisation on the 
most efficient drive train topology using critical analysis and computer modeling to 
determine a practical system.  No single drivetrain was found suitable for all driving modes 
and worldwide markets as the current ones typically offered either optimal performance or 
optimal efficiency. Consequently, a new drivetrain topology was proposed, developed, 
tested with a simulation environment that yielded efficiency and performance gains over 
existing systems. Also analysed was the effect of wider vehicle design optimisation to the 
development of sustainable hydrogen powered passenger vehicles and this was set against 
the wider social, scientific and engineering challenges that fuel cell adoption will face. 
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1 Introduction 
“Humanity stands before a great problem of finding new raw materials and new sources of 
energy that shall never become exhausted. In the meantime we must not waste what we have, 
but must leave as much as possible for coming generations.” 
Svante Arrhenius (1925) 
 
1.1 Crisis 
Humanity faces many challenges but the biggest threat to our way of life is not global 
terrorism, nor the financial crisis, it is a crisis that we already live in the midst of yet many 
do not know of its existence, appreciate its significance or understand how its 
consequences could touch every aspect of the modern world. It is a crisis of energy. 
 
Energy underpins nearly all-human activity. Current energy demands are overwhelming 
obtained from hydrocarbon fossil fuels. At the centre of that hydrocarbon economy is oil. 
It goes into life saving medicines, it powers the majority of our transportation; it grows our 
food, packages it and moves it to our plates; it heats our homes and it is involved in the 
manufacturing of nearly all the goods we put in them. The human race has a de facto 
dependency on oil. 
 
For many years, resources had been able to feed this addiction cheaply and plentifully. 
These resources enabled a rapid development in the standard of living, technology and the 
global economy, fuelling consumer and industrial demand throughout the developed 
world. By fulfilling this demand a new industrial revolution was sparked in developing 
nations and hundreds of millions of people have been able to change their standard of 
living faster than at any time in human history. This has led to an unrelenting thirst for 
more energy and more oil. Once plentiful resources are being depleted at an ever increasing 
rate and the cost of energy is rising almost continuously. Whilst we are not yet near the 
immediate end of our supply of fossil fuels the economic need to find alternatives is clear. 
 
Concurrently, the world’s climate has changed significantly in recent decades. The exact 
causes, its significance and the likely consequences are the matter of significant scientific 
and political debate. The overwhelming majority of the scientific community is in 
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agreement that global warming has been caused by human activity, mainly the generation 
of atmospheric pollution from the consumption of energy and that unabated, the 
consequences will be wide reaching and potentially devastating. However much of the 
debate in the political arena where change will be led is heated, partisan and highly 
contentious. 
 
Reducing energy consumption to any great extent through either efficiency savings or 
limiting human activity has so far proved impossible in the face of rapidly growing global 
consumption. The worlds leading nations have not been able to agree on controlling 
emissions of polluting greenhouse gases and the dominating influence of financial self 
interest on both global policy and individual activity can not be understated. There are 
many noble and determined efforts to address both climate change and the diversification 
of energy supply throughout the world but the fear of climate change alone will not drive 
change unless a viable and affordable alternative to fossil fuels can be presented to enable 
change without limiting human or commercial activity.  
 
This thesis is a body of work that contributes to the development of personal 
transportation that is not dependant on oil and this chapter will outline the research and 
engineering challenges we face to enable and deliver change in the near to midterm future. 
It will show such change is technically possible and how its application could enable step 
changes in the way we produce and consume energy that will solve at least one aspect of 
the energy crisis before it negatively impacts on the health of the human race and the 
global economy. The issues have many external stimuli that could easily influence and 
change how the future will proceed in contrast to the scenarios presented herewith. There 
are few certainties, other than that the time to do nothing has long since passed. 
 
1.2 Research Problem & Hypothesis 
 
The hypothesis that underpins this thesis is that hydrogen fuel cell vehicles can entirely 
replace the internal combustion engine and power all passenger cars. By using renewably 
sourced hydrogen the greenhouse gas emissions from these vehicles would be zero.  
 
The primary research question this presents is to devise a method for quantitatively and 
qualitatively analysing current designs of hydrogen fuel cell vehicles to determine which 
designs offer the most promise for vehicles that can achieve mass-market adoption. 
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Previous alternative fuel vehicles have had success with consumers typically categorised as 
innovators but little or no success with the next category, early adopters, and have failed to 
take off. In order to entirely replace fossil fuel powered vehicles, fuel cell vehicles will also 
need to meet the requirements of the early adopters who can then influence the early and 
late majority consumers to take them beyond being niche products and truly revolutionise 
personal mobility throughout the world. 
 
Everett Rogers defined five characteristics of the diffusion of innovations that influence 
whether they are adopted or rejected [1]: 
 
1. Relative advantage – what benefits does the innovation give over existing options. 
2. Compatibility – the level of compatibility that an innovation has with the 
experience of current and previous technology. 
3. Simplicity – if the innovation is perceived as complicated or difficult to use, it is 
unlikely to be adopted. 
4. Trialability – if the innovation is easy to demonstrate it is more likely to be adopted. 
5. Observability – how visible is the innovation, the more demonstrable and visible it 
is, the more likely it is to achieve widespread adoption. 
 
Rogers highlights the first two categories as being the most critical. At appropriate 
junctures this thesis will test and benchmark its ideas and findings against Rogers criteria to 
determine their potential within the context of the primary research question. 
 
The secondary research question is to develop new features to overcome the problems and 
limitations of the current technology and to conceptualise and introduce them into a new 
drive train topology and analyse their impact on future vehicle development. 
 
To answer these questions, the research problems that will be addressed include: 
 
1. A comprehensive examination of the state of the art of hydrogen fuel cell power 
drive train topologies. 
2. Analysis of the data to determine the challenges and problems facing current 
topologies. 
3. Development of existing topology/topologies to increase efficiency, performance 
or ease of manufacturer. 
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1.3 Aims & Objectives 
 
The aims of the thesis are designed to distil the research questions into smaller steps and 
specific objectives defined so as to enable the progress of the thesis to be measured. 
 
The aims of the thesis are: 
 
1. To prove the need for a change in the energy supply used for automotive transport. 
2. To investigate the alternative forms of energy and that establish that hydrogen is a 
viable alternative energy source. 
3. To establish the current design trends and consumer demand requirements of 
passenger vehicles. 
4. To research published literature and public discourse to discover all the current 
topologies of hydrogen fuel cell power drive trains. 
5. To carry out a comprehensive review and analysis of all the topologies against 
common metrics and to then draw conclusions about the relative merits of each. 
6. To improve upon one or more of these topologies or conceptualise and introduce a 
new topology that addresses problems discovered with existing drive trains. 
7. To show that hydrogen fuel cell vehicles can fill the requirement for clean energy 
transportation in the future. 
 
The objectives of the thesis are: 
 
1. To establish the need for an alternative energy source and make the case for 
hydrogen. 
2. To document, evaluate and classify all current topologies. 
3. To build a simulation environment to enable the topologies to be evaluated within 
a computer environment against established automotive benchmarks. 
4. To report the results of the simulation, derive conclusions about each of the 
topologies and identify which topologies hold the most promise for fuel cell 
vehicles and which topologies can be taken forward and improved further. 
5. To present improvements of existing topologies and new topologies to address the 
limitations and problems of current systems. 
6. To test the new and improved technologies to determine if they deliver significant 
improvements in performance and evaluate the implications on cost, manufacture 
and consumer acceptance. 
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7. To contextualise the potential for the new topologies and hydrogen fuel cell 
vehicles as a whole by detailing the likely path to hydrogen powered vehicles 
becoming the market leader. This will include a full and comprehensive analysis of 
the infrastructure, engineering and social challenges that lie ahead. 
 
1.4 Outline of the Thesis 
 
The thesis is divided into chapters around the key subjects and parts of the research project 
as follows: 
 
1. Chapter 1 outlines the research project and its aims and objectives. 
2. Chapter 2 makes the case for the need for an alternative energy source and 
establishes hydrogen as the pre-eminent choice. 
3. Chapter 3 provides a comprehensive review of hydrogen fuel cell vehicle power 
drive train topologies in current usage, from the past, and in development. 
4. Chapter 4 looks at the current ways that a vehicle power drive train can be 
simulated by computer software and choses MATLAB-Simulink as the most 
suitable tool. 
5. Chapter 5 explains how the simulation model and its components were constructed 
and the methodology used to test the simulation models of each topology. 
6. Chapter 6 analyses the results of the simulation, compares them to each other and 
other forms of automotive traction power and draws conclusions about the various 
fuel cell drive train systems creating a novel comprehensive review of all existing 
drive train topologies.  
7. Chapter 7 introduces a new topology that improves upon existing topologies. It 
explains the power electronic principles it operates on and derives a control 
strategy to operate it. A simulation model of it is then implemented and tested.  
8. Chapter 8 concludes the thesis, presenting the main findings of the research and 
identifies areas of future work and problems that the work has highlighted. 
 
1.4.1 Contributions to Knowledge 
In light of the literature and wider discourse review carried out as part of this thesis, it will 
set out what the author believes to be two novel contributions to the subject. 
 
 6 
1. A comprehensive review and analysis of different hydrogen fuel cell vehicle drive 
train architectures on a common simulation platform. 
2. The conceptualisation and introduction of a new drive train topology with 
improved efficiency and performance. 
 
1.4.2 Published Papers 
During this study, several papers have been published based on its work. 
 
 “Fuel Cell Drive Train Topologies – Computer Analysis of Potential Systems” The 
3rd IET International Conference on Power Electronics, Machines and Drives, 2006. Naylor, 
S.M. ; Pickert, V. ; Atkinson, D.J. 
 “Fuel Cell Drive Train Systems – Driving Cycle Evaluation of Potential 
Topologies” IEEE Vehicle Power and Propulsion Conference, 2006. Naylor, S.M. ; Pickert, 
V. ; Atkinson, D.J. 
 “Optimization of Compressor Power Supply and Control Systems for Automotive 
Fuel Cell Drive Train Applications” IEEE Vehicle Power and Propulsion Conference, 
2006. Naylor, S.M. ; Pickert, V. ; Atkinson, D.J. 
 “A review of Power Drive Trains for Hybrid Fuel Cell Eletric Vehicles” 3rd IET 
Conference on Automotive Electronics, 2007. Pickert, V. ; Naylor, S.M. 
 “A Highly Modular simulation Model for Hybrid Electric Fuel Cell Power Drive 
Trains”, UKACC International Conference on Control, 2008. Naylor, S.M. ; Pickert, V. 
 
1.5 Limitations of Scope and Key Assumptions 
 
The design of the simulation model is discussed in Chapter 5. The main focus of this work 
is as an engineering evaluation of differing electric power drive topologies of hydrogen fuel 
cell vehicles. Since all are tested with a common vehicle, components and sub-systems it is 
not necessary to simulate some of the real world forces that act on a car and its subsystems 
beyond key forces and factors that influence the power needed to propel the vehicle at a 
given speed. These forces, losses and factors would act equally on all the given topologies 
in the simulation and therefore ignoring them has no adverse consequence on the ability to 
produce valid and useful data. 
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A number of assumptions have therefore been made to abstract and delimit the scope of 
the simulation to aid both computation speed and intelligibility of the simulation model: 
 
1. The vehicle travels in a straight line at all times and does not turn any corners, bank 
or experience any loss of traction. 
2. The weather conditions are held constant and the wind velocity is 0 m/s and the 
road co-efficient of friction is assumed as that of a dry tarmacadam road. 
3. The hydrogen storage tank does not leak any hydrogen to the ambient 
surroundings. 
4. A controller that follows standard driving cycles represents the vehicle driver. 
Human reaction times and are not simulated the controller deliberately follows the 
driving cycles without including any variances that a human driver would generate 
doing the same task to ensure that all tests against any given driving cycle are 
identical. 
5. The temperature during simulation is constant and that a cooling system maintains 
the temperature of the power sources and power conversion devices. Transient 
effects of temperature on the components are therefore ignored. 
  
 8 
2 The Future of Transportation Energy 
 
2.1 Introduction 
 
This chapter introduces the reader to the need for alternative energy sources in transport 
and presents a critical analysis of all the alternatives that are currently available or foreseen. 
It discusses every aspect of the need for an alternative and as such the scope of subjects 
discussed could initially seem to be detracting from the main focus and science of this 
thesis, the electrical and electronic engineering challenges that face hydrogen fuel cell 
vehicles.  
 
Being an engineering research project though, and not one of pure science alone, it is 
imperative that the relevant social, economic and political factors that surround the broader 
context of the subject are understood to ensure that the problem is real and so that the 
application of science to solve the problem is delivered in the most efficient manner whilst 
also ensuring that the solution is responsible and ethical. 
 
Throughout this chapter, and generally through the thesis, the economic impact of factors 
is attended to in some detail because they are currently the greatest stimulus for change in 
the world. Human and ecological concerns typically have mid-long term effects that are 
rarely the main priority of political leaders and business and it is they who will have to 
enable the changes required in many areas to change the way we approach transportation. 
 
2.2 We Need to Talk About Oil 
 
The world’s transportation is almost entirely powered by fuels produced from oil. From 
super tankers to super minis, oil distillates power 95% of the movement of everything from 
the oil itself to the weekly grocery shop. In the automotive field specifically, this equates to 
the consumption of around 16.5 billion oil equivalent barrels of gasoline, diesel and liquid 
petroleum gas fuel per year. 7.3 billion of those are used in personal vehicles. Vehicle fuels 
accounted for 67% of refined oil derivatives in 2011 [2]. 
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Gasoline and diesel are in many ways ideal vehicle fuels. They are easier to extract, 
transport, store, dispense and use than nearly all of the available alternatives. The problem 
with a dependency on them is that the supply of oil is finite; the demand for it is rising; the 
planets tolerance to their effects on the environment seems limited and the ability of the 
world to pay an ever increasing price, whilst expanding the world economy and furthering 
social development, is uncertain.  
 
Oil is a highly dynamic commodity; discussions about it’s future it evoke a wide range of 
highly polarising opinions and diametric views. Broadly speaking the impetus for change is 
often viewed quite simplistically as either an environmental or resource issue - alternatives 
need to be found as the supply will run out or using them is causing climate change. 
However, there is far from being a consensus on either of those views and it is a far more 
complicated subject than either of those views can effectively communicate. 
 
As an engineering thesis, it is important to consider the practical requirements of the 
problem at hand in order to inform the thinking that determines proposed solution. 
Replacing oil as the primary source of transportation fuel will be an endeavour of breath 
taking scale and cost and it is vital to ask the question of whether it actually needs to be 
considered in the first place. There are many issues and problems with oil that there is 
broad agreement need addressing, be it now or in years to come, but they can be broadly 
categorised as Economic; Political; Resource; Security of Supply; Environmental, Health & 
Social Impact. Each of these areas have many been researched and discussed in great detail, 
some of them for many decades. The author considers it important to thesis to have an 
informed understanding of them but a detailed consideration of each within this chapter 
would be a distraction from the issue at hand and so a discussion about oil has been 
included in Appendix i. 
 
The position of this thesis is that although the world is in no immediate danger of running 
out of oil, the age of cheap oil is almost certainly over. With ever advancing living 
standards across the globe, consumption is only going to increase and the margin between 
demand and available supply will grow smaller. New resources to meet additional demand 
are being discovered but are likely to require technologically advanced techniques to 
extract. This will make new resources costlier to extract and cause further price inflation. 
The economic effects of continual price increases on the world economy are likely to be 
profound and have the potential to stifle growth and cause recession. Security of supply is a 
major concern for nations dependant on oil imports and the risk of destabilising conflicts 
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in oil producing areas is an ever-present threat to the world oil supply and regional and 
world peace. Whether fossil fuels are a major contributor to climate change is contested 
but the negative health effects of particulate air pollution are beyond doubt. The causes of 
economics, social advancement and ecology are now, albeit independently, aligned in a 
common cause of promoting and finding an alternative to oil to reduce the risk inherent in 
continuing to be dependant on it.  
 
2.3 Environmental Targets 
 
Various legislative organisations around the world have laid down targets for vehicle 
emissions performance that vehicle manufacturers are expected to meet by defined dates. 
In the European Union a target of 130g CO2/km for the average emissions of the entire by 
2015 new vehicle fleet was agreed in 2009. In 2012 it was agreed that by 2020 the average 
emissions should be 95g CO2/km [3]. Throughout the rest of the world the United States 
has set a target of 93 g CO2/km by 2025, China 117g CO2/km by 2020 and Japan 105 g 
CO2/km by 2020 [4]. 
 
The introduction of legislative targets has actually increased the rate at which 
manufacturers have reduced the emissions of their vehicles, with the annual reduction rate 
now around twice the rate it was before the targets were introduced [4, 5]. It is important 
to consider these targets and requirements so that an assessment can be made of what 
technologies will be needed to achieve them. Although it looks likely that the targets out to 
2020 can be met by combustion engine technology, the UK governments Office for Low 
Emission Vehicles (OLEV) envisages a target of 50g CO2/km for passenger vehicles by 
2050 [6]. Even with advances in technology, it is high unlikely this target can be met by a 
fleet of combustion engine powered vehicles and therefore all roadmaps, be they from 
manufacturers or governments feature alternative fuelled vehicles becoming an increasingly 
large part of the future fleet [4, 5]. 
  
2.4 Alternative Fuels 
 
One of the main reasons that the internal combustion engine vehicle (ICEV) has been so 
successful is because of the technical qualities of its fuels. It was not the first to market, the 
electric vehicle beat it by a few decades in the early nineteenth century and initially they had 
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much higher performance with an electric vehicle (EV) even being the first vehicle to 
exceed 60mph whilst setting a new land speed record of 61mph in 1899 [7]. But as the 
ICEV matured and developed superior range and low refuelling times, less than a hundred 
years later the EV was banished to history [8]. The ICEV is now firmly entrenched as the 
dominant source of motive power for most road transport with 150 years of supporting 
development and innovation. This provides any technology wishing to gain market share 
with several challenges based on customer expectations largely derived from their 
experience with ICEVs. 
 
Ignoring the supply and environmental drawbacks Petrol and Diesel are ideal fuels. They 
have high energy densities and are relatively easy to transport in bulk, store and dispense. A 
typical modern family ICEV with a 60-litre tank can expect to travel around 500-700km on 
a single tank of fuel that takes around five minutes to refuel. Vehicle technology has 
reached a maturity that makes travelling by car comfortable, enjoyable and safe. This 
enables families to purchase affordable vehicles with which they can commute short 
distances or travel long distances.  
 
Alternative fuel vehicle face several challenges to compete with ICEVs. The huge size of 
the automotive industry and massive investment in the production and sales of ICEVs act 
as the primary barrier to change [7]. Automotive manufacturers do however face regulatory 
and consumer demands to develop alternative fuel vehicles (AFV) and most major 
manufacturers have active research and development programs which have seen steadily 
increasing amounts of investment. Though the manufacturers often promote these 
schemes as their leading the way to a new automotive future, these programs should be 
considered alongside manufacturers resisting or manipulating regulatory efficiency targets 
[9-11] and producing increasingly large vehicles that act to counteract improvements in 
efficiency [12-15] and consideration be given as to whether the investments is of a level 
sufficient to develop alternative technology as quickly as possible to deliver eco-benefit, or 
the minimum amount needed to give the outward appearance of innovation being eco-led 
[16].  
 
The second problem is linked to the first. As at most for-profit companies in mature 
market places, innovation within the automotive sector is largely risk averse and 
incremental. It is unlikely that manufacturers will produce large-scale production runs of 
AFVs ahead of the infrastructure to provide them [12, 16]. Even if the cars were the same 
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price and offered a similar or improved driving experience, the majority of consumers will 
not buy cars that they cannot refuel and service wherever they wish to drive [17-22]. 
 
Alternative fuels fit loosely into two categories, those that utilise existing engine 
technologies with no or a few minor changes, and those that require a completely new 
design of vehicle engine. Each is presented and briefly discussed in the following pages 
 
2.4.1 Electric Hybridisation 
Hybrid electric vehicles (HEV) are already with us in the market place. The central 
principal is the addition of an electrical power source, usually a battery, and motor and 
generator or combined motor-generator into the vehicle drive train in one of two 
topologies, either in parallel or series with the existing internal combustion engine.  
 
 
Figure 2.1 – Types of HEV Drivetrains 
 
In the parallel HEV the vehicle is powered by a combination of mechanical power 
developed by an ICE and an electric motor, a transmission system combines the power 
from both and allows the ICE to drive the final transmission and the electrical generator, 
and the motor to drive the final transmission and in some cases the ICE as well.  
 
In the series hybrid, the ICE drives a generator that makes electricity to power a motor to 
drive the vehicle. The principle idea behind both though is to optimise use of the ICE so 
that it is used mainly at efficient operating points. The electrical power source is then used 
to drive the vehicle in areas of operation where the engine is inefficient, generally at low 
speeds and during idling; and to provide a power boost during high-speed acceleration. The 
generator is used to recharge the battery and regenerative braking recovers power that 
would otherwise be dissipated as heat by the vehicles friction brakes and uses it during 
electric phases of driving, further increasing the efficiency of the HEV [23-26]. 
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There are also two general classifications of hybrid vehicles independent of the drivetrain 
topology, mild and full. A mild hybrid offers some limited electrical functionality to 
increase efficiency, such as regenerative braking and stopping the motor when idle and 
restarting using the stored energy in the battery. A full hybrid is capable of driving the 
vehicle on electrical power alone. 
 
The majority of hybrids sold have been based on the Toyota designed Hybrid Synergy 
Drive, a mixed series-parallel hybrid. For the parallel hybrid there are four distinct modes 
of operation and power flows as shown in Figure 2.2. 
 
 
Figure 2.2 - HEV Operating Modes 
Although the two power sources can be combined electrically or mechanically, most 
current models arrange the power sources in parallel and combine the output power of 
each mechanically through a planetary transmission system such as that in the Toyota 
Prius, shown in Figure 2.3. 
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Figure 2.3 - Toyota Prius HEV Engine Cross Section [27] 
 
Hybridisation of an ICEV offers an available solution to reduce the fuel consumption now, 
though there are still some issues with them and despite extensive marketing and celebrity 
endorsements, the HEV market is still considered niche. Vehicles like the Prius are still 
more expensive than comparable ICE powered models, and despite economic incentives 
such as reduced or zero road tax and exemption from certain tolls or road charges have in 
themselves not been sufficient to overcome the cost barrier to large scale adoption [26]. 
Although more efficient than gasoline ICE vehicles, there are many diesel ICE vehicles 
which are more efficient, have a higher performance and lower cost than the Prius. Table 
2.1 compares the cost and specifications of the Toyota Prius with current models from 
Volkswagen, BMW and Seat.  
 
Parameter 
Toyota Prius 
T3 HEV 
VW Golf 1.6TDI 
Blue Motion 
BMW 116d 
EfficientDynamics 
Seat Leon Copa TDI 
Ecomotive 
Basic OTR Price £21,600 £19,430 £20,885 £17,880 
CO2 Emissions 89 g/km 99 g/km 99 g/km 99g/km 
0-62mph Speed 10.4s 11.3s 10.5s 11.5s 
Consumption 72.4 mpg 74.3mpg 74.3 mpg  74.3mpg 
Table 2.1 - Comparison of Current HEV and ICEV Models (UK RRP as of August 2012) 
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It should be noted that the efficiency and CO2 emissions figures quoted in the table are 
derived from NEDC driving cycle testing, which is not optimised for hybrid vehicles. 
However it is the basis of comparison for all new vehicles currently sold and is the only 
benchmark available to consumers to compare and contrast the relative fuel efficiency of 
each vehicle. Furthermore the test vehicles supplied by the manufacturers for testing are 
often specially selected and highly optimised before testing and the testing itself is done on 
a rolling road with all possible electrical loads in the vehicle turned off.  The net result is 
that real world performance is usually worse than that quoted by the manufacturers but 
until the legislative driving cycles and test procedures are changed then they remain the 
basis for comparing different vehicles. 
 
In the UK market, VW and especially BMW are viewed as premium brands compared to 
Toyota so the comparison of the Prius against the Seat Leon Copa Ecomotive is perhaps 
the most illustrative of the price premium (£3720 or 20%) that consumers have to pay to 
drive a HEV in 2012. All the compared ICEV models feature similar engine start/stop 
mild hybrid systems as part of efficiency technologies that each firm has given a different 
but similarly evocative marketing name. VW call it BlueMotion; BMW, Efficient Dynamics; 
and Seat, Ecomotive.  
 
Nevertheless, hybrid sales are increasing. In 2006, 8,957 new HEVs were sold in the UK. 
In 2011, 23,373 were sold, representing 1.2% of new UK vehicle sales [28]. Petrol and then 
diesel powered HEVs will be the first stage of the likely pathway [29-31] to an alternatively 
fuelled future.  
 
Importantly, the technology that is developed for them will be transferrable. The petrol 
engine in the parallel HEV could be fuelled with gas, bio-fuel or hydrogen. It may even be 
replaced with another power source altogether such as a gas turbine or linear free piston 
engine. The series hybrid is the most suited format to the all-electric vehicle, where two or 
more electrical power sources are combined, doing so electrically and using a single, larger 
motor is usually more efficient than using multiple smaller motors. 
 
The next step in the evolution of hybrids is almost certain to be the plug-in HEV (PHEV). 
By adding an interface to allow the vehicle to be plugged into and charged by a grid 
connected domestic or industrial electrical power outlet no longer is the HEV entirely 
dependent on gasoline as its power source, the PHEV is the first major step towards 
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sustainable transport [23, 24, 29-36] with some studies estimating that 70-80% of all car 
journeys could be done on electrical energy sourced from the grid alone [30, 34, 36, 37].  
 
2.4.2 Liquid Bio-Fuels 
Bio-fuels are another alternative to oil already in the market. Liquid vehicle fuels are 
produced from crops and plant or animal waste. Bio-diesel is available in many countries in 
Europe and bio-ethanol is a popular vehicle fuel in North and South America. Although 
some adaption of the ICE is necessary to ensure proper operation, there are few 
technology challenges to the large-scale adoption of bio-fuels. The main challenge is the 
sustainable manufacturer of the fuels without causing adverse environmental impacts. 
 
In the United States, bio-ethanol has been produced mainly from spare corn capacity. It is 
blended with gasoline to form E85 fuel, an 85% gasoline, 15% bio-ethanol mixed fuel. In 
Brazil, bio-ethanol is produced from sugar cane and used pure form or blended with 
gasoline. Both programs have been heavily supported by government subsidies and 
incentives, though the industry in Brazil is now relatively self-supporting due to the success 
of the government back programs in driving adoption of alternatively fuelled vehicles. In 
the US, bio-ethanol fuels are largely confined to the mid-west areas where they are 
produced and E85 is only available in 1.3% of US filling stations [38]. In Europe, Bio-
Diesel is produced from processing the oils of soya and rapeseed crops and is mostly used 
in a 95% petroleum diesel, 5% bio-diesel blend. It is also produced on relatively small scale 
from waste vegetable cooking oils. Both forms of bio-diesel are available as 100% bio-
diesel fuels but most manufacturers do not warranty their vehicles with its use, especially in 
the new high performance, highly efficient and highly popular fourth generation common 
rail diesel engines, mostly due to the large variation in fuel quality. 
 
Bio-fuels allow countries with large agriculture sectors to supplant petroleum fuels and 
both the Brazilian and US programs were government funded to reduce dependence on oil 
imports. They reduce CO2 emissions as the carbon released during the fuels use is 
absorbed from the atmosphere during the plants growth by photosynthesis. They will likely 
play a small but significant part in the near term drive to replace oil. BP estimates that in 
2030, bio-fuels will provide 7% of total world transport fuels [39]. 
 
However they do not reduce the local air pollution generated by vehicles and the growth of 
crops for bio-fuels production is an energy intensive process but more critically, a land and 
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water intensive process. Large-scale use of bio-fuels would require huge swathes of land 
currently used to grow food be diverted to fuel production. Studies  [20, 40] have shown 
that this would have an impact on food prices in some countries; generally developing 
countries where food price increases would be most keenly felt. The scarcity of water in 
many countries would require large-scale irrigation projects that would likely impact on 
water availability, price and marine eco-systems [20, 41, 42]. The vast land requirements, 
although easily met in countries like Canada, the United States and Russia can also have 
adverse consequences that could result in large-scale deforestation and loss of arable land 
[20, 40, 43]. In Brazil, large areas of the rainforest have been destroyed to provide land for 
crops. Aside from the obvious paradox, destroying one of the planets most precious 
ecosystems and largest carbon sinks in the name of sustainable fuels appears to be nothing 
short of lunacy to this author. China has wisely adopted a policy of not allowing fuel crops 
to be grown on land used for food crops [44]. 
 
From a security point of view, whilst it is easy to secure for countries to secure the land on 
which fuel crops are grown, bio-fuels have a security vector not applicable to most fossil 
fuel production. The weather, probably influenced by climate change, has become 
increasingly volatile. Crop yields and price are directly related to the weather and 2012 is a 
fantastic year to illustrate this point. Press reports of the heat wave and drought in the 
United States suggest that 40-50% of US soya and corn crops will be seriously affected and 
there are calls to divert crops grown for fuel into the food market to reduce the impact on 
food prices [45]. Linking fuel prices to the weather introduces complex uncertainties into 
production and supply significantly harder to control and compensate for than disruption 
in fossil fuel supply and a moral food vs. fuel dilemma that could have severe impacts on 
social order in times of crisis. 
     
2.4.3 Bio-Gas 
Methane is amongst the most damaging of GHGs. The main human related sources are 
livestock and landfill waste sites. Aside from the practical issues of fitting cattle with gas 
capture devices; the mere idea is only ever going to be one exploding cow away from 
ridicule and this thesis could not seriously suggest it as a method of obtaining sustainable 
gas supplies. Waste gas from landfill and sewerage sites however, is already a serious 
proposition that is producing gas that is used to power plant, vehicles, heating and generate 
electricity [46]. As the world develops, waste per capita is likely to increase for a while until 
sustainable waste dispose and recycling reaches all corners of the globe. Though a viable 
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sustainable form of energy, with bio-gas at certain sites able meet some local energy 
requirements, current levels of bio-gas production are minuscule in the context of 
transportation energy demands and not considered a realistic part of a future sustainable 
transport energy mix. 
 
2.4.4 Liquid Petroleum Gas (LPG)  
LPG has been used in vehicles for some time and under the name Autogas is the most 
common alternative fuel seen next to petrol and diesel on filling station forecourts in the 
UK. It is typically around 50% cheaper per litre than gasoline. It is a by-product of 
petroleum refining and as such its price is linked to oil and as it is also used for home 
heating in areas where there is no grid gas supply and its price can increase suddenly during 
periods of unexpected or sustained cold weather [22]. Most gasoline ICEVs can be 
converted to run on LPG for around £1,000 - £2,000. Previous government incentives in 
the UK saw manufacturers offering LPG or dual fuel LPG/gasoline powered vehicles; the 
end of these incentives though has reduced the number of new vehicles available with LPG 
as an option. 
 
As an energy carrier, at 26MJ per litre, LPG carries around 24% less energy per unit 
volume than gasoline. As it is a pressurised liquid, the typical LPG vehicle fuel tank is 
larger and heavier than a gasoline or diesel tank and provides less range for a given vehicle 
packaging volume between refuelling stops. Performance drops slightly and the efficiency 
also decreases, typically by 5-10% of the gasoline rated MPG. As a by-product of 
petroleum, LPG is not a viewed as a sustainable fuel for the future. 
 
2.4.5 Compressed Natural Gas (CNG) 
Recent developments in unconventional gas resources have reinvigorated the natural gas 
market in Europe and the United States. Driven by the high price of energy and the desire 
to secure local supplies of energy, Fracking of shale gas reserves is thought to offer certain 
countries new, secure and abundant supplies of natural gas. 
 
Natural gas generates lower CO2 emissions per unit of energy than oil and coal. It is an 
important part of most countries drives to reduce emissions of electricity generation plants 
and it is better used for this than as a vehicle fuel where its characteristics are sub-optimal. 
CNG is compressed at around 3000psi and has to be stored in large and heavy tanks that 
for a given packaging volume offer a vehicle range of around a quarter that of the same 
 19 
volume gasoline or diesel tank [47]. No refuelling infrastructure exists and there is little 
point investing large amounts into it when its security and cost are only relatively better 
than oil in the near to mid term and largely based on the expensive extraction of 
unconventional reserves at an incompletely quantified environmental cost.  
 
2.4.6 Synthetic Liquid Fuels 
Synthetic fuels process existing fossil fuels into petroleum substitutes. In the most 
common process, coal is gasified into synthesis gas, or syngas. The syngas is catalytically 
converted in the Fischer-Tropsch process to produce liquid fuels. This process is not a new 
development, having being invented in the 1920’s. It allows countries that are rich in coal 
to independently generate secure supplies of gasoline and diesel. 
 
Synthetic fuels have been used extensively in two regimes that found themselves cut off 
from sufficient supplies of oil. During World War Two, Japan and Germany developed 
extensive synthetic fuel plant infrastructure [48]. Germany provided a quarter of their 
automotive fuels with synthetic oil substitutes. During the period of Apartheid, South 
Africa was subject to an international oil embargo and used synthetic fuels extensively.  
 
South Africa still has operating synthetic fuel plants but they adequately demonstrate the 
single major problem with the fuels produced, the environmental cost is vast. Regardless of 
whether the process is made economic on a wider scale by high oil prices, the process 
requires large amounts of electrical energy and outputs large amounts of CO2.   The Sasol 
Synfuels factory in South Africa produces 150,000 barrels of synthetic fuels per day. But it 
is also one of the worlds largest point sources of CO2 and accounts for 21% of South 
Africa’s total CO2 emissions [49]. Capturing, sequestration and storage of carbon dioxide 
has been proposed in [48, 50, 51] as a solution to this problem but the technology is not 
yet mature and further increases the price of synthetic fuels. Whilst they may provide some 
energy security in coal rich countries, synthetic fuels are not a sustainable alternative fuel 
for world transport and wide spread usage would likely result in an increase of green house 
gases over the use of petroleum-based gasoline. 
 
2.4.7 Batteries 
Pure electric vehicles (PEV) store electricity, typically from the grid, and use it to drive a 
motor and propel the vehicle. They have many advantages. The ICE generates torque in 
peaks, generally at several thousand RPM. Low speed torque is low and gearing is used to 
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ensure grade climbing ability and reasonable acceleration. The electric motor however 
starts at maximum torque and maintains it through a large portion of its speed range, the 
PEV is capable of breathtaking performance with a single stage transmission [52]. 
 
The battery electric vehicle (BEV) is the classic example of a PEV. The BEV has fewer 
components, moving parts and ultimately would likely be easier to manufacturer and 
package than existing ICEV. This assumption is predicated on the basis that an electric 
vehicle essentially features a power source, power converter, electric drive, control system 
and cooling system. The power train is connected via simple electrical cables, the power 
source is made from batteries that can be packaged to fit the shape of the vehicle and each 
component will likely be assembled prior to installation and simply require little more than 
fixing and the connection of control and power cabling. Compare this to an ICE that has 
many more components with various types of liquid, gas, electrical and hydraulic 
connections between them. This technology is mature however and vehicle manufacturers 
will be required to invest large sums of money in new production techniques and facilities 
but once that has occurred, the electric vehicle should be simpler to manufacture.  
 
If an ideal battery existed, this thesis could stop here and would probably never have been 
started in the first place. If there were a 30-50kWh battery that was relatively lightweight 
and inexpensive, that could be charged in a few minutes and discharged at sustained high 
currents and cycled thousands of times without failing or degrading the answer to 
sustainable transport would be simple. Low-carbon nuclear and/or renewably generated 
electricity would ultimately provide grid power to power an entire fleet of BEVs the world 
over with vastly reduced levels of CO2 output, at reasonable cost and our transportation 
problems could be solved. I'm sure the reader will be relieved to hear that no such battery 
exists, nor does a survey of experts by Baker et al. suggest it is within technological reach in 
the next twenty years [53]. Large portions of the technical challenges examined in and 
faced by this research project are related to compensating for the deficiencies in available 
electrical power sources [53-57]. 
 
Current battery technology ultimately limits the range of BEVs to around 100miles. Re-
charging takes several hours and the battery technology is expensive with a 30kWh/100 
mile range pack costing £15,000. By 2030 this is predicted to fall to £4,000 [54, 58] but this 
is still significantly more expensive than a current ICE. Battery lifetime is not currently 
capable of matching the lifetime of an ICEV [59]. Slow overnight charging of a large fleet 
of BEVs would need significant investment in charging control or grid reinforcement. The 
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electricity transmission grid in many developed, let alone developing, countries would not 
be able to cope with the charging load. Available power would not be a problem though 
and may better utilise off peak spare capacity and provide useful base load for renewable 
generation. Should it ever be possible, rapid charging would present significant challenges 
to both power generation and transmission systems that would require large capital 
investment to accommodate mass adoption [59-62]. 
 
Globally, the ability of the BEV to reduce GHG emissions differs from region to region 
dependent on the types of power generation used. Although the efficiency of delivering 
power from the battery to the wheels, or tank-to-wheel (TTW) efficiency is significantly 
higher than an ICEV, the overall system well-to-wheel (WTW) efficiency and emissions are 
somewhat closer than may be expected. In countries such as China and India where 
significant amounts of electricity are generated by coal stations, studies show the BEV 
WTW GHG emissions are no better or worse than ICEVs powered by gasoline [29, 44, 58, 
63, 64]. In Europe where there is more low carbon and renewable generation capacity 
installed the BEV does reduce GHG emissions and ultimately if all installed generation is 
renewable the GHG emissions of a BEV are limited to those involved in the manufacture 
of the BEV and components and emissions from its consumables. 
 
The BEV will have a part to play in sustainable transport, but unless a “silver bullet” can be 
found to overcome its inherent deficiencies, alone it will not be enough. Affordability, 
reliability and performance are key consumer requirements [20, 56, 58, 62] and even if the 
cost reduces in line with current studies expectations, there are doubts as to whether BEV 
range can ever match that of the ICEV and if not the BEV will probably be limited to 
short-range commuting vehicles with another solution being necessary to provide longer 
range vehicles to replace gasoline and diesel ICEV vehicles completely [26, 58, 63, 64]. 
 
2.4.8 Hydrogen 
Hydrogen is the most abundant element in the universe. It is non-toxic and in its gaseous 
form it is highly combustible. In the context of this study one of its most important 
properties is when burned in the presence of oxygen, the only by-products are heat and 
water. Its combustion generates no GHG or toxic compounds. However there is a major 
problem. Hydrogen on earth rarely exists in its molecular form as pure hydrogen on Earth. 
It readily forms covalent compounds with most other elements. In its pure form though 
hydrogen offers great potential as a fuel. It is not a fuel in the same sense as petroleum 
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though. Oil is extracted from the earth and is a primary source of energy. Because 
hydrogen must be generated from a compound that contains it, using energy in the 
process, hydrogen as a fuel should be considered as a secondary energy carrier in the same 
way as a battery is a chemical carrier of electricity.  
 
Much of this chapter has compared alternative fuels to gasoline and diesel and in nearly all 
cases the comparison has been unfavourable in both energy density and ease/cost of 
production and storage. Hydrogen partially deviates from that trend. 
 
Fuel 
Energy / unit mass 
MJ/kg (LHV1) 
Energy / unit volume 
MJ/l (LHV) 
CO2 Emissions 
gCO2/MJ 
Density  
kg/m3 
(STP2) 
Gasoline / Petrol 44.15 32.70 70.8 741 
Diesel (ULSD3) 42.91 35.94 74.3 837 
LPG 46.28 24.67 63.9 533 
Hydrogen (gas) 119.95 0.01 0 0.083 
Hydrogen (liquid) 119.95 8.87 0 72.4 
Natural Gas 45.86 0.04 56.9 0.768 
Biodiesel 38.0 33.44 75.0 890 
Fischer-Tropsch Diesel 43.60 34.01 71.2 808 
E85 Ethanol 26.80 23.10 71.0 787 
Table 2.2 - Comparison of Alternative Transport Fuels 
 
Table 2.2 shows a comparison of current and alternative transport fuels and it is clear from 
it that per unit mass, Hydrogen is nearly three times as energetic as gasoline and diesel [65, 
66]. However as also shown in the table, due to its density hydrogen has significantly less 
energy per unit volume. At standard temperature and pressure, gasoline is 9,000 times as 
dense as is hydrogen. To be of any use it is clear that hydrogen needs to be pressurised or 
liquefied, both energy intensive processes with significant manufacture, storage and 
distribution complications compared to fuels that are naturally liquids at standard 
temperature and pressure (STP). 
 
Despite these drawbacks, the third column in the table reveals the first of two dimensions 
that stand hydrogen apart from all alternative fuels (aside from batteries), zero CO2 
emissions. Hydrogen can be utilised in vehicle drive trains in two ways, it can be burnt in a 
                                                
1 LHV – Lower heating value. 
2 STP – Standard temperature and pressure. 
3 Ultra-low sulphur diesel. 
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modified ICE or it can be converted to electricity in a fuel cell to power an EV or HEV. 
Both these fuel pathways have only two emissions, heat and water vapour. There are no 
GHG emissions from hydrogen. The second attractive aspect of hydrogen is sustainability 
and security. Water is returned to the environment as the by-product of hydrogen 
combustion or conversion and hydrogen can be generated wherever there is water. There is 
significantly more water easily available on Earth than we need to manufacturer sufficient 
hydrogen to power the entire planets road transportation fleet [42, 67].  
 
Stored as a compressed gas and used with a fuel cell, hydrogen vehicles have higher ranges 
than BEVs and in many cases prototype models compare favourably in both range and 
performance with existing ICEVs. Hydrogen ICEVs have lower ranges for a given volume 
of gas due to fuel cells typically having twice the efficiency of ICEs. 
 
So, we have found our fuel panacea? Unfortunately as ever things are not so 
straightforward. It has been said that there are no easy solutions to the problems facing 
men left to be found, and hydrogen is a prime case in point. It is clean, sustainable and 
secure, everything petroleum based fuels are not. It encompasses all three of these vectors, 
where most alternative fuels only provide one or two when compared to petroleum fuels. 
These considerations make hydrogen the most attractive alternative fuel we have available; 
the challenges involved in adopting it on large scale though are significant and cannot easily 
be dismissed. 
 
Currently, most hydrogen is produced for chemical processing needs and nearly all of it is 
made by steam reforming natural gas. There is neither sufficiently scaled, nor GHG free 
sustainable generation capacity in place to power a fraction of any single developed nations 
vehicle fleet were hydrogen cars to be available, let alone anything approaching a global 
supply capacity. In the long term, sustainable, GHG free production of hydrogen will likely 
be generated by using renewable or nuclear generated electricity to electrolyse water [68-
73].  
 
In the nuclear sector, the technology is mature and understood though popular opinion is 
largely opposed and the question of secure long-term waste disposal still largely unresolved. 
Recent developments in extracting uranium from the oceans suggest that the 4.5 billion 
metric tonnes that are dissolved in sea water can economically be extracted [74] providing 
sustainable supplies of nuclear energy far beyond the end of petroleum. Hydrogen can be 
generated not only by using nuclear power stations electrical output, but also by utilising 
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the otherwise wasted thermal output during off peak hours to generate hydrogen by 
thermally decomposing water [72].   
 
Using renewable energy, hydrogen again offers unique potential. Much of recent 
investment in renewable electricity in the UK has gone into the wind sector. Wind is an 
intermittent source whose load profile is often out of sync with demand and at times its 
output is unused and wasted with no long term way of storing the generated energy. 
Electrolysis of hydrogen allows energy that would otherwise go to waste to be converted 
and stored as a fuel [72, 75]. There is of course an efficiency penalty in doing this, but this 
is energy that would otherwise be wasted and is no different to a hydroelectric-plant using 
spare off peak capacity to pump water into a storage reservoir. Although on-shore wind 
has received most of the attention focused on renewables in the UK of late, this is more 
down to incentives and it being the quickest, cheapest way of installing the amount of 
renewable energy capacity that the UK needs to meet various environmental treaty 
commitments. The greatest renewable energy potential likes off the coasts of the UK in the 
sea in offshore wind and wave energy. One of the many technical challenges of both these 
technologies is connecting the offshore generation to the onshore grid. With wave energy 
especially, the optimum sites lay tens or hundreds of miles offshore. Since the discovery of 
gas and oil in the North Sea, the UK has developed an indigenous offshore industry that 
leads the world in many areas. With North Sea field reserves dwindling and peak 
production having been reached, one area where this expertise could be reused and the 
industry diversified is developing offshore hydrogen generation platforms that bring 
together huge untapped reserves of renewable electricity and unlimited supplies of water. 
Existing tanker technology could easily be adapted to transport the hydrogen back to shore 
and negate the need to connect these sites to the grid to utilise the huge renewable resource 
they present.  
 
A recent estimate of the potential energy in Earths’ oceans suggests that they could yield 
between 20,000 and 92,000 TWh/year. Current world electricity demand is around 16,000 
TWh/year [76]. 
 
The how and the why of the so-called ‘Hydrogen Economy’ are easily understandable, but 
detractors always centre on cost as its Achilles’ heel [46, 52, 77]. In many respects they are 
correct to do so but there are equally as many proponents [42, 78-80] who argue the cost is 
worthwhile and necessary. There exists a chicken and egg situation where because 
hydrogen vehicles require a wholly new fuel infrastructure nobody will invest in it until 
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there is sufficient demand from the owners of hydrogen vehicles. Yet it is also clear that 
there will be no mass market take up and nobody will buy a hydrogen vehicle until a 
refuelling infrastructure exists that enables them to drive in the same way they can drive an 
ICEV. Government investment will almost certainly be needed and the scale of investment 
will dwarf the costs of bailing out the financial system in 2008 and run into trillions of 
dollars. Faced with such a figure it is easy to simply draw the conclusion that the hydrogen 
economy is a utopian dream that we cannot afford, indeed many studies argue as such but 
most did so by drawing comparisons with cheap oil, expanding discoveries of oil or in the 
expectation that battery technology would advance significantly faster than it subsequently 
has. Hydrogen is energy intensive to produce and distribute, there is no escaping that fact. 
But if it is the only viable means of capturing and using renewable energy sources then it is 
paradoxical to view it as a waste of energy. Ultimately if the energy and feedstock are free 
and the solution provides an alternative to oil that is effectively limitless, efficiency 
becomes an irrelevant concept.  
 
2.5 A Vision of The Future 
It is the considered opinion investigated in this thesis that in the future sustainable 
transport will be powered by electricity. The path to this has already begun, HEVs are 
already on the roads and the PHEV will soon introduce grid-generated electricity as a 
widely used road fuel alongside BEVs that will have a growing importance in short range 
commuter and utility vehicles. Beyond this transition phase the battle of technology in the 
all-electric vehicle is between batteries and fuel cells.  
 
Without a currently unexpected step change in battery technology the BEV will not be able 
to meet all the load profiles of the current vehicle fleet nor can the current renewable 
electricity generation capacity meet the charging demand of such a fleet. If a battery 
technology became available to meet all load profiles, vast investment would be required to 
strengthen the electricity distribution grid to provide charging capacity and unless the 
current fuel mix of generation changes substantially; in countries that heavily rely on coal 
and gas fired power stations the CO2 output of a BEV fleet would be little better and could 
indeed be worse than the status quo. 
 
Biofuels will in many localities help relieve the pressure on fossil fuel supplies along the 
pathway, predominantly by being blended with petroleum. Wide scale adoption of biofuels 
as a complete replacement is unlikely due to the impact on land, forests and food 
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production. Concerns about air pollution are also not addressed by biofuels and CO2 
emission reduction aside; local health and social impacts of air pollution will remain largely 
unaffected. 
 
Hydrogen poses the biggest technical and financial challenges, yet offers the most dramatic 
promise of all alternatives currently on the table. It is the only sustainable solution that can 
currently provide a vehicle to completely replace the fossil fuel powered ICEV and many 
of the developments in HEV and PHEV vehicles have applications in hydrogen vehicles 
and vice versa. Transportation aside, hydrogen also offers one of the only large-scale 
methods of storing renewable energy and vehicles can carry enough fuel to far exceed the 
range of a BEV.  
 
From the consumers point of view although the underlying technology of the hydrogen 
vehicle will be radically different to that of current vehicles, the experience of driving one 
will be familiar and consistent. The vehicle will be refilled with fuel at a fuelling station in a 
similar amount of time to a gasoline vehicle and will be able to drive an acceptable distance 
in-between refuelling. Environmentally conscious and technologically savvy early adopters 
will likely embrace the hydrogen vehicle as they have with hybrid and electric vehicles but 
unlike the electric vehicle, the hydrogen vehicle has none of the drawbacks in range or 
refuelling time that limit the mass market potential of the electric vehicle. The long term 
advantage of hydrogen as a fuel and the comparable driving experience satisfy both of 
Everett Rogers key criteria for analysing whether an innovation can diffuse to the mass 
market.  
 
Key to the sustainability of hydrogen is that water, the raw material required to produce it 
is plentiful and for all practical purposes, infinite. All the major oil companies show 
hydrogen fuels in their mid-long term roadmaps. Many governments have active 
investment programs in hydrogen research and development and most of the major 
automotive manufacturers have prototype fuel cell vehicles already in production or 
planned. The world has grown used to change in society being assured, incremental and 
gradual, evolutionary if you will. Moving to hydrogen however will be a revolutionary step 
change that requires huge investment and political will. Government funded hydrogen 
infrastructure will be required before the automotive industry will invest in the production 
and the consumer will believe in the practicality of hydrogen vehicles but the vision brings 
with it a secure, clean automotive fuel and energy supply with no resource or 
environmental limitations or implications. 
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3 The Hydrogen Vehicle 
 
3.1 Hydrogen Pathways 
Hydrogen can be used in motor vehicles in two ways. Standard fossil fuel ICE designs can 
be modified and re-engineered to run on hydrogen gas or a hydrogen fuel cell can be used 
to convert hydrogen into electricity and used as the prime energy source in a H2FCEV. 
 
Both methods are, if not fully “mature”, well understood. Both have technical challenges 
but the H2FCEV has a clear theoretical advantage. Combustion of Hydrogen in an H2ICE 
has a similar thermal efficiency to fossil fuel ICEs. Converting hydrogen to electricity in a 
fuel cell has an intrinsic efficiency of around 55-60% at the cell level. When many cells are 
combined to form a fuel cell stack system that can be used to power a vehicle, ancillary 
equipment is required to provide reactants to the stack and maintain optimal operating 
conditions. The overall fuel cell system is around 5-10% less efficient because of the 
ancillary load and parasitic losses but depending on the load profile of the ICE a typical 
fuel cell system still is at least twice and sometimes three times as efficient as hydrogen or 
fossil fuel combustion in an ICE [81]. 
 
Hydrogen combustion is the far simpler of the two methods and the most economically 
viable in the near term as it reuses much of the basic technology involved in current fossil 
fuel ICEs. The modifications are minimal, as only a new fuel system needs to be installed, 
the cylinder head has to be modified and the electronic engine management control unit 
needs to be re-programmed but the rest of the vehicle remains largely the same. In contrast 
the H2FCEV is a major change in vehicle technology though from the electric motor and 
inverter forward they share common components with the BEV. The principle is largely 
the same as the BEV, using electrical power alone to drive a single motor that propels the 
vehicle. The electrical characteristics of the fuel cell require additional control and 
components to produce a usable vehicle. 
 
As detailed in 2.4.8 hydrogen’s density requires it to be stored in a compressed or a 
liquefied form to be useful. Due to the order of magnitude difference in efficiency between 
the H2ICEV and H2FCEV, for a given size of compressed gas cylinder the H2FCEV will 
potentially have a significantly higher range. This chapter will discuss the operating 
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principles of both types of hydrogen-powered vehicles but the majority of manufacturers 
research and development programs are, as this thesis is, targeted towards the H2FCEV. 
 
3.2 Hydrogen Internal Combustion Engines 
The hydrogen combustion engine is not a new technology. Literature was found as early as 
100 years ago and the first attempt to develop a hydrogen engine was published in 1820 
[82, 83]. The attractiveness of hydrogen combustion is that the technology of the H2ICEV 
is only a little different from a gasoline ICE. As such, many authors see it as a bridging 
technology that would allow existing vehicle technology to be used whilst a hydrogen 
infrastructure was established, easing the capital demands and providing a transitional path 
rather than necessitating a step change as many H2ICEVs could be rapidly and cost 
effectively produced in existing plants [84]. 
 
3.2.1 Hydrogen Combustion 
Hydrogen combustion is straightforward; air and hydrogen are mixed and fed into a 
cylinder where upon they are detonated by an ignition source. The chemical properties of 
hydrogen allow combustion at significantly higher ratios of air to fuel than is possible with 
gasoline. A high air to fuel ratio is said to be a lean mixture and lean combustion results in 
lower gas combustion temperatures, higher thermal efficiency and a more efficient low load 
operation. It also reduces the amount of nitrogen oxides generated during combustion by 
thermal disassociation of atmospheric nitrogen. NOx are the only harmful emissions from a 
H2ICE and are produced at a vastly reduced rate than a comparable gasoline ICE due to 
the lower gas combustion temperature [83]. 
 
3.2.2 Technical Challenges of the H2ICE 
Although operating on broadly the same principles as gasoline engines, hydrogen 
combustion is technically more challenging due to the nature of hydrogen itself [83, 84]. 
The combustion energy of hydrogen is an order of magnitude lower than hydrocarbon 
fuels. This is advantageous since the spark plug ignition system requires less energy to 
ignite and detonate a given volume of fuel but troublesome because it makes hydrogen 
more prone to pre-ignition. Pre-ignition is the combustion of the fuel air mixture in the 
cylinder before the spark plug has fired and is caused by the hot spots on surfaces, or 
residual hot exhaust gases from the previous cycle in the engine cylinder. Pre-ignition can 
cause positive feedback, with the temperature and pressure in the cylinder rising further, 
 29 
causing more pre-ignition events and eventually, engine failure. The phenomena causes the 
engine to emit an audible and very disconcerting banging noise. The minimum ignition 
energy of hydrogen decreases significantly as the fuel to air ratio is increased from lean to 
rich and thus the power output of the engine is limited by the limits imposed by the 
phenomena of pre-ignition. 
 
The problem of pre-ignition can be solved by redesign of the cylinder, cooling of the 
cylinder, and more effective removal of exhaust gases by use of variable valve timing. 
Direct injection of the fuel into the cylinder, rather than pre-mixing with air also allows 
pre-ignition to be controlled as the fuel can be injected into the coolest part of the cylinder 
and timed so that it does not have chance to pre-ignite before the spark ignition [83]. 
 
Low ignition energy is also the root cause of another problem that the H2ICEV is 
susceptible to, namely, backfiring. The fuel-air mixture ignites on hot surfaces on intake 
into the cylinder before the intake valve has closed and causes combustion that detonates 
back down the inlet pathway. Fortunately, although the ignition energy is quite low, the 
auto-ignition temperature of hydrogen is higher than gasoline. ‘Knock’ is a problem 
resulting the ignition of the fuel-air mixture ahead of the flame front caused by the spark 
plug. It causes an audible knock or banging noise, indistinguishable from that caused by 
pre-ignition despite the causes being quite different. Since the auto-ignition temperature is 
higher, the H2ICE is less susceptible to knock than a gasoline ICE. The higher temperature 
makes spark ignition the preferred method of combustion [84]. 
 
Direct injection also eliminates backfire entirely as the inlet valve is closed before the fuel is 
injected into the cylinder. These are all are known technologies used in current gasoline and 
diesel engines, relatively straightforward to implement and produce a useable H2ICE that 
does not suffer from pre-ignition but the problem still limits the effective output power of 
the engine. Compared to a gasoline ICE of the same capacity, the power density of the 
H2ICE is reduced by 17-50% [83]. 
 
In order to boost the power density, advanced hydrogen engines boost the intake air 
pressure with a turbocharger or supercharge. Again this is proven technology from the 
fossil fuel ICE, though some additional precautions need to be taken to avoid exacerbating 
pre-ignition and knock problems. The intake air is cooled to maintain a lower cylinder 
temperature and the pressure is monitored so that the compression ratio in the cylinder 
does not exceed that at which knock begins to occur. Boosting in this way has resulted in 
 30 
30-35% improvements in H2ICE output power and the power density of some engines is 
115% of gasoline equivalents. The power density is still however less than modern fourth 
generation common rail turbo diesel engines, though the thermal efficiency is similar and 
45% H2ICE thermal efficiency is expected to be attainable [83, 84]. 
 
3.3 Hydrogen Linear Free Piston Engines 
Hydrogen can be used as a fuel in some other types of combustion engines. For example, 
The linear free piston engine (LFPE) differs from the standard internal combustion engine 
as the motion is linear as opposed to rotational and as the piston is not connected to a 
crankshaft it’s motion within the engine cylinder is not restricted to a set point for each 
stage of the cycle. The lack of a crankshaft reduces friction losses in the engine and allows 
a variable stroke length that can yield higher efficiency across a wider range of operating 
loads. There has been little interest in the free piston engine for the past 50 years, but in 
common with recent research drives in other areas, the higher potential efficiency of the 
engine has sparked renewed interest [85, 86]. Like other combustion engines, different 
fuels can be used with minor changes to the engine.  
 
 
Figure 3.1 - Hydraulic dual piston free-piston engine [85] 
 
Figure 3.1 shows the most common configuration of LFPE, a dual ended piston enclosed 
in a housing that has a cylinder at each end. This configuration is simple and compact. The 
expansion cycle of one cylinder also drives the compression cycle of the other cylinder and 
as a result the engine has a high power to weight ratio. This coupled with the simple design 
and reduced parts count makes the LFPE cheaper to produce and likely lighter and smaller 
for a given power density. 
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The linear motion may appear to be of little use in a vehicle. It is however an advantage, as 
Figure 3.2 shows the configuration allows for the easy integration of a linear generator in 
the middle of the engine, allowing the engine and generator of a HEV to be incorporated 
in a single system with less frictional losses than an ICE driving a rotational generator [85].  
 
Figure 3.2 - Linear Free Piston Engine Generator [85] 
 
3.3.1 LFPE Advantages 
A LFPE generator, fuelled with hydrogen (H2LFPEG) has been discussed by van Blarigan 
[86]. The overall system, generates 40kW with a fuel to electricity efficiency is 50% and 
because the engine cycle uses a compression ignition strategy that allows very lean fuel 
mixtures, the NOx emissions are lower than the H2ICE. 
   
3.3.2 LFPE Control Complexity 
Harnessing the advantages of the LFPE is dependant upon a suitable control system being 
feasible. Because the piston position is not fixed about a crank, accurately predicting and 
controlling the compression ratio is significantly more challenging than in an ICE. Inability 
to accurately control the compression ratio results in unstable and inefficient operation. 
Modern microprocessors provide ample computational power to solve the control issue, 
but this level of control complexity is not necessary in H2ICEs. 
 
The physical forces on a vehicle chassis from the operation of a single LFPE would be 
unbalanced and most literature suggests it will be necessary to operate multiple units in 
parallel to balance the action of these forces.   
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3.4 Hydrogen Fuel Cells 
 
Analogously with the electric vehicle and the gasoline internal combustion engine, Sir 
William Grove discovered the hydrogen fuel cell in 1839 nearly twenty years before the 
first commercial oil well went into production. The fuel cell is an electrochemical energy 
conversion device that uses a catalytic reaction to combine hydrogen and oxygen to 
produce electricity, heat and water.  
 
The idea was significantly ahead of its time, so much so that it was not until the 1930’s 
when Francis Thomas Bacon began work and continued development until the 1950’s 
when it was developed into a practical system for a fuel cell using an alkaline electrolyte 
(AFC). Pratt & Whitney subsequently licensed the patents for AFCs and developed them 
further into the fuel cell power unit, which was to power all the later NASA Apollo and 
Space Shuttle spacecraft. General Electric were also working on Fuel Cells during the 
1950’s and developed the first polymer electrolyte membrane fuel cell which was used in 
the Gemini spacecraft. The first manned program, Mercury, had used batteries for 
electrical power. But as the planned mission duration of Gemini was significantly higher 
than Mercury, NASA turned to fuel cells as they had significantly higher energy density 
than batteries. This still holds true to this day, with an automotive fuel cell having around 
ten times the energy density of modern batteries [87, 88] and is the main reason for the 
automotive interest. Much as NASA turned to the fuel cell when mission duration 
increased, the automotive industry has turned to fuel cells to increase the range of EVs 
beyond the limits of the BEV.   
 
All fuel cells operate on the same basic principal. The cell has an anode and a cathode 
separated by a non-conductive electrolyte. Hydrogen in some form is pumped into the 
anode region of the cell where it contacts a catalyst and is oxidised. The reaction splits the 
hydrogen into H+ protons and H- electrons:  
2H2→ 4H + + 4e−  
Equation 3.1 – Fuel Cell Anode Reaction 
The electrolyte only permits protons to flow between the anode and cathode; the electrons 
flow via an external circuit to the cathode causing a current to flow. Oxygen is pumped 
into the cathode region where it is electro-reduced by a catalyst and combines with the 
hydrogen ions to form water and heat: 
O2 +4H + − 4e− → 2H2O  
Equation 3.2 - Fuel Cell Cathode Reaction 
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The overall system reaction in the fuel cell can be described as: 
 
2H2 +O2→ 2H2O  
Equation 3.3 – Fuel Cell System Reaction 
  
Figure 3.3 shows the basic arrangement of a typical fuel cell. Although there are several 
different types of cell, that have differing modes of operation and which are constructed 
from different materials the basic principle remains the same. 
 
 
Figure 3.3 – Hydrogen Polymer Electrolyte Membrane Fuel Cell 
 
Cell voltages vary between fuel cell types but are typically around 1V. Consequently 
multiple cells are connected in a single stack with common reactant flow ducts and each 
cell is electrically connected in series so that the output voltage of the stack is appropriate 
for the particular application. Because the output current of the cell is a result of a chemical 
reaction, changes in output current take a finite time to meet a step response. This time is 
markedly longer than the time it takes for a battery to respond to a step-change in demand 
and much slower than a capacitor.  
 
There are six different main types of fuel cell that are currently being examined in 
“industry” and the literature contains examples for a wide variety of uses. They are defined 
by the materials used for the electrolyte and catalysts and have a wide range of operating 
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temperatures, efficiency and suitable applications [88, 89]. The six main types of fuel cell 
are as follows: 
 
1. Polymer Electrolyte / Proton Exchange Membrane Fuel Cell (PEMFC) 
2. Direct Methanol Fuel Cell (DMFC) 
3. Alkaline Fuel Cell (AFC) 
4. Phosphoric Acid Fuel Cell (PAFC) 
5. Molten Carbonate Fuel Cell (MAFC) 
6. Solid Oxide Fuel Cell (SOFC) 
 
3.4.1 Polymer Electrolyte / Proton Exchange Membrane Fuel Cell (PEMFC) 
The PEMFC uses a polymer material for the cell electrolyte. The main material used is 
DuPont Nafion. Nafion is a semi-permeable ionomer that is permeable to protons but 
impermeable to electrons and gases such as hydrogen and oxygen. The material is usually 
supported on a backbone of a material such as Teflon. The catalyst in the PEMFC is 
usually platinum which is coated on the anode and cathode material, typically carbon or 
graphite. The cell construction allows the flow of reactants to the catalytic surfaces and 
channels for the water to diffuse out of the cell. 
 
The PEMFC is unique in that the electrolyte material is a solid and allows for easy 
assembly and packaging of the fuel cell stack, low maintenance and no risk of spillage of a 
hazardous electrolyte. The modern PEMFC has the highest energy density of any fuel cell, 
can be run on atmospheric oxygen as is unaffected by CO2, and is capable of self-starting 
from cold. It is the ideal cell for use in passenger vehicles and all current production and 
recent prototype vehicles have used the PEMFC. 
 
As has been previously mentioned one of the first commercial applications of fuel cells was 
in the Gemini space program during the 1960’s. The Gemini cell was a PEMFC using 
polystyrene sulfonate for the proton exchange membrane. Issues with cell durability, high 
platinum demand, relatively low energy density and lifespan caused NASA to subsequently 
use the AFCs developed from Francis Bacon’s design by Pratt & Whitney in the Apollo 
spacecraft and the Space Shuttle.  
 
Interest in the PEMFC was renewed in the 1980’s and by the early 1990’s practical 
PEMFCs using Nafion were demonstrated. By 2000 the power density had reached the 
point where fuel cell powered vehicles were both technologically feasible and could 
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practically be packaged in useful vehicle architectures. Current PEMFC systems, such as 
that shown in Figure 3.4, suitable for light passenger vehicles generate ~80kW, occupy 
~200l of space and weigh ~200kg, around 50kg heavier than an equivalent internal 
combustion engine. 
 
 
Figure 3.4 - NuCellSys/Ballard HY-80 PEMFC Engine System  [90] 
 
The PEMFC operates at a relatively low temperature and is capable of self-starting from 
cold in a few seconds without external heating, though extreme cold may require defrosting 
of the cell stack. Appropriately filtered atmospheric air can be used to supply O2 for the 
cell and H2 is supplied via a blower or compressor and humidification system. The 
humidification is necessary to prevent the Nafion membrane from drying out and 
degenerating. Constant humidification of the membrane is the main environmental control 
challenge of the PEMFC. Too little water and the proton transport rate decreases and 
ultimately the membrane dries and cracks, which allows reactants to combine directly 
resulting in further heating and the ultimate failure of the cell. If too much water is allowed 
to accumulate at the electrodes the cell will flood and reactants will be blocked from 
reaching the catalytic surfaces and the reaction rate decreases. 
 
The reaction between hydrogen and oxygen at the cathode is exothermic and generates 
significant amounts of heat. The cell must have an effective cooling system to remove this 
heat. Ethylene-glycol cooling systems, similar to those used in the ICE are used in current 
production fuel cell systems. The heat in the cooling system can be re-used for heating the 
vehicle and pre-heating the hydrogen fuel. Either a blower or compressor feeds the 
hydrogen gas into the cell. Using a compressor achieves a significantly higher power 
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density in the cell than a blower can, but at a cost in efficiency. Both the compressor and 
blower are electrically powered devices and they act as a parasitic load on the system that 
requires a proportion of the PEMFC stack output energy. The compressor consumes an 
order of magnitude more electrical energy than a blower and this reduces the efficiency of 
the overall compressor fed system compared to a blower fed, especially at low loads. 
Because of the larger time lag required to spin the compressor up to pressure compared to 
increase the flow rate of a blower the step response speed of a compressor fed stack is 
slower than the blower fed. However, it is an acceptable trade off in automotive 
applications to attain the higher power densities a compressor enables [91].  
 
The main concerns with the PEMFC are not the system performance but macroeconomic 
and material technology. The catalyst used in all current production PEMFC stacks is the 
noble metal platinum and it accounts for ~50% of the fuel cells cost [92]. The rate of 
oxygen reduction at the cathode is the limiting factor in cell performance and needs a 
significantly more catalyst than the hydrogen oxidation reaction at the anode. A typical 
PEMFC has 0.2-0.8mg Platinum/cm2. Platinum is one of the scarcest elements on Earth, 
annual production is limited to a few hundred tonnes and it is traded as a highly valuable 
commodity. Most production is centred on mines in South Africa and it would be amiss to 
ignore the insecurity of the supply. A study by the US Department of Energy [93] 
estimated that 50% market penetration of H2FCEVs using PEMFCs would cause a 30% 
increase in the price of platinum and when the penetration reached 80% the demand for 
platinum would likely exceed supply capability. Sustainable and affordable mass adoption 
of PEMFCs is restricted by the dependence on platinum. 
 
Platinum catalysts are also vulnerable to carbon monoxide poisoning. CO impurities in the 
H2 fuel supply react with and are adsorbed onto the platinum surface, forming a plaque on 
the platinum that reduces the rate of and could eventually stop the anode reaction.  
 
Whilst other more plentiful materials can be used as catalysts, none are nearly as efficient as 
platinum. Use of platinum alloys has reduced the amount of platinum needed but much of 
the research into the PEMFC is focused on further reducing the amount of platinum 
needed per cell and finding different catalyst materials that do not suffer from CO 
poisoning. In 2004 Wang et al. [94] described a new method of forming the catalytic 
surfaces. By depositing finer particles of platinum onto a carbon nanotube structure to 
form the anode and cathode, rather depositing it on carbon paper, the surface area of 
platinum is significantly increased and therefore the amount of platinum needed to sustain 
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a given reaction rate could potentially be decreased. Seven years later in 2011 and eight 
years later in 2012 respectively, Wang et al.[95] and Zhang et al. [96] independently 
described how vertically aligned nitrogen doped carbon nanotubes (VA-NCNTs) can be 
used as a metal free catalyst that has a reaction rate of 3x that of platinum catalysts and is 
physical stable. Brouzgou et al. [92] confirms that efforts to reduce the amount of platinum 
in PEMFC catalysts has already exceeded the targets for 2015 laid down by the US 
Department of Energy of 0.2g Pt/kW and that the design of platinum free catalysts is 
yielding positive results.  
 
Membrane durability and cost is another issue associated with the PEMFC with concerns 
that the PEM may not have a lifespan required of it by standard vehicle life cycles. Chalk et 
al. [97], Zhang [98] and Cele et al. [99] amongst many other have highlighted progress in 
composite PEM membranes based on Nafion type materials, new types of membranes 
based on hydrocarbon materials and advanced manufacturing techniques and suggest that 
membrane lifespan and durability will be able to meet the demand of future H2FCEVs. 
 
This research can be compared and contrasted with the development of Lithium-Ion 
batteries in recent years that although progressing forward, has not yielded significant 
concurrent progress in energy density, power density and safety. If anything the progress in 
fuel cells has been more marked and although not all the questions have been fully 
answered and implemented in the technology, there is evidence to suggest the targets will 
be achieved. 
 
3.4.2 Direct Methanol Fuel Cell 
The DMFC is structurally similar to the PEMFC and operates at a similar temperature but 
uses methanol as a hydrogen carrying fuel rather than being directly fuelled by hydrogen. 
This is advantageous as methanol is a liquid fuel that can be obtained from petroleum or 
manufactured as a bio-fuel eliminating the transportation, storage and manufacturer 
problems associated with hydrogen and enabling the re-use of existing infrastructure and 
technology. The cell works by oxidisation of methanol in the presence of water at the 
anode to form hydrogen ions and carbon dioxide, the oxygen reduction at the cathode and 
is the same as for a direct hydrogen cell. The system equations are therefore different to 
those described at the start of this chapter and are given below in Equation 3.4 for the 
anode, Equation 3.5 for the cathode and Equation 3.6 for the overall system [100]. 
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CH3OH +H2O→ 6H + + 6e− +CO2  
Equation 3.4 – DMFC Anode Equation 
3
2O2 + 6H
+ + 6e− → 3H2O  
Equation 3.5 – DMFC Cathode Equation 
CH3OH +
3
2O2→ 2H2O+CO2  
Equation 3.6 – DMFC System Equation 
 
Though sourcing the fuel for the DMFC is simpler than the direct hydrogen PEMFC the 
DMFC has its own specific problems that limit power density, speed of response and 
complicate design, control and packaging. 
 
Essentially because the methanol is mixed with water, the reaction rate is relatively slow 
compared to a direct hydrogen cell and slow to respond to changes in current demand. 
This is exacerbated by the need to maintain a weak solution of methanol diffuses through 
the membrane and causes a direct reaction between methanol and oxygen at the cathode 
reducing the cell voltage and efficiency [100, 101]. The water to dilute the methanol is 
recycled from the cathode side of the system though some on-board water storage may be 
required to compensate for any losses and maintain the solution. The water also requires 
cooling before being reintroduced into the fuel solution and removal of CO2 generated at 
the anode from the solution further complicates and increases the size of the fuel supply 
system. 
 
The advantages of methanol over hydrogen as a fuel are clear, but the disadvantages of the 
current DMFC are highly restrictive and the fuel is also toxic, corrosive and hydrophilic 
[102]. They do no have the power density to power even small passenger vehicles and the 
applications of the DMFC are generally limited to small portable power applications where 
the ease of transport of the fuel is the main factor and the power demand and transient 
response performance is not so critical such as power devices for portable computers, 
radios and small mobile utility equipment like electric pallet trucks. 
 
3.4.3 Alkaline Fuel Cell 
Francis Bacon’s AFC is one of the most mature and developed fuel cell technologies 
available thanks to its extensive use in NASA’s manned space programs, Apollo and Space 
Shuttle programs, replacing the early GE PEMFC design from the Gemini program that 
could not meet the durability and power density requirements of Apollo. As well as 
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generating electricity the wastewater output of the cell provided drinking water for the 
astronauts. The AFC is, compared to other cells, straightforward to construct, operates at 
modest temperature and is made from readily available materials that have a long lifespan. 
Nickel is used as a catalyst, which is far cheaper than platinum, carbon and plastic can be 
used to make the electrodes and the electrolyte is usually a standard potassium hydroxide 
solution. The cell efficiency is high, typically around 60-70% though the reaction is slightly 
different to the PEMFC [100, 103]. 
 
At the anode, 2 hydrogen gas molecules combine with 4 hydroxyl ions to release 4 water 
molecules and 4 electrons. At the cathode, an oxygen molecule and 2 water molecules 
absorb 4 electrons that have flowed through the external circuit to form 4 negatively 
charged hydroxyl ions. The system can be characterised as the anode oxidation reaction of 
Equation 3.7, the cathode reduction reaction of Equation 3.8 and the overall system as 
shown in Equation 3.9 and so is ultimately the same reaction as given in Equation 3.3. 
 
2H2 +4HO− → 4H2 0+ 4e−  
Equation 3.7 – AFC Anode Equation 
O2 +2H2O+ 4e− → 4HO−  
Equation 3.8 – AFC Cathode Equation 
2H2 +O2→ 2H2O  
Equation 3.9 – AFC System Equation 
 
The main problems with the AFC are its sensitivity to carbon dioxide, the liquid electrolyte 
and a lower power to weight ratio as compared to the PEMFC. CO2 reacts with the 
hydroxyl ions in the electrolyte to form carbonates. In the alkaline solution the carbonates 
are relatively insoluble and carbonate crystals form, blocking the hydroxyl ion pathways in 
the electrolyte causing the reaction rate to reduce and ultimately stop. Though methods of 
reducing the impact are known, such as circulating the electrolyte, the only long-term way 
to stop this from happening is to scrub CO2 from the hydrogen and air supply. This was 
not an issue for the space applications as the AFCs were fed with pure oxygen and 
hydrogen, but in an automotive air supplied situation, atmospheric CO2 poisoning of the 
electrolyte would be a significant problem. The weight of the liquid electrolyte compared to 
the polymer membrane of the PEMFC lowers the power to weight ratio and complicates 
packaging a suitably powerful AFC in a vehicle. 
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3.4.4 Phosphoric Acid Fuel Cell 
The PAFC uses phosphoric acid as an electrolyte and the system equations are the same as 
given in Equation 3.1, Equation 3.2 and Equation 3.3. Due to phosphoric acid being a 
solid at low temperature, the cells operate at around 200°C and the cell is not capable of 
self-starting at typical ambient temperatures. Due to this and the relatively low electrical 
efficiency of 40-50% the PAFC is not considered suitable for use in passenger vehicles. 
Most applications are in on site stationary power where the waste heat can be captured and 
the PAFC used in a combined heat and power application. Unlike the AFC, CO2 does not 
affect the electrolyte so atmospheric air without filtration can be used to supply oxygen. 
 
3.4.5 Molten Carbonate Fuel Cell 
The MCFC uses a molten carbonate salt as the electrolyte and operates at temperatures in 
excess of 600°C. The MCFC can use a variety of fuels in addition to pure hydrogen, as due 
to the high temperatures involved it is capable of internally reforming hydrocarbons 
reducing the cost of the fuel supply and storage system. The efficiency of the MCFC 
approaches 60% and gives it a significant advantage over the PAFC. The main problem is 
that the molten carbonate salt is highly corrosive and cell lifespan is limited. 
 
Similarly to the PAFC and SOFC, the MCFC is designed for use in stationary power and 
co-generation applications, the physical size and weight prohibit use in passenger vehicles. 
 
3.4.6 Solid Oxide Fuel Cell 
The SOFC is so named because the electrolyte is a solid oxide or ceramic type material. 
They differ in operation from the other fuel cells discussed so far in that the electrolyte 
transports oxygen ions to the anode where they react with hydrogen, rather than 
transporting hydrogen protons to the cathode.  
 
A high temperature of around 1000°C is needed to support the reaction and the start-up 
and shutdown times are therefore long. The benefit of the high temperature is that 
expensive catalysts are not required and plentiful cheap materials can be used instead. The 
cell is also not poisoned by carbon monoxide though sulphur poisoning is an issue and de-
sulphurisation of the air supply is necessary. The SOFC has similar fuel flexibility to the 
MCFC. 
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The SOFC is mainly used in CHP applications where low cost, longevity and high system 
efficiency are more important than size, weight and start-up time. As with the MCFC, the 
characteristics and operating profile of the SOFC make it completely unsuited to 
automotive uses. 
 
3.4.7 Hydrogen Fuel Cell Summary 
Table 3.1 summarises the characteristics and application of each of the different types of 
fuel cell that have been discussed in this chapter. 
 
 
Fuel Cell  
Type 
Electrolyte 
Material 
Operating  
Temperature 
Application 
Typical Power 
Output 
Stack 
Efficiency1 
PEMFC Polymer 70-90°C Portable High 50-60% 
DMFC Polymer 50-110°C Portable Moderate <40% 
AFC Alkaline Solution 70-100°C Aerospace High 70% 
PAFC Phosphoric Acid 200-220°C Installed Power Moderate 40% 
MCFC BASE 600-650°C Installed Power High 60% 
SOFC Solid Oxide 800-1000°C Installed Power Moderate 60% 
Table 3.1 - Types of Hydrogen Fuel Cell 
 
  
                                                
1 Stack efficiency does not include losses due to the parasitic electrical load of the ancillary equipment (compressor, 
humidifier, control system etc) required to operate the fuel cell system. 
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3.5 Hydrogen Storage 
 
Storage of hydrogen on-board a vehicle is another area where there is a high level of active 
research and development that will be of critical importance to the range performance of 
H2FCEVs. There are four basic storage systems discussed in the literature and in use: 
 
1. Compressed Hydrogen Tanks 
2. Liquid Hydrogen Tanks 
3. On-board Reforming of Petroleum or Bio-Fuels 
4. Metal Hydrides 
 
The hydrogen storage system used in a vehicle is also likely to be one of the most critical 
parts of vehicle acceptance amongst the public. The storage system must not only be 
technically safe, it needs to appear to be safe. Acceptance of compressed gas tanks in 
vehicles is already relatively common with the usage of LPG vehicles having already been 
noted in this thesis. Hydrogen however adds an extra dynamic into the situation that makes 
acceptance of its storage system as safe more difficult if not uncertain. 
 
3.5.1 Hydrogen Safety & Public Perception 
As a fuel, hydrogen is easily combusted, but so is gasoline. In contrast to gasoline, 
hydrogen burns in a controlled, if rapid, manner, usually vertically, and in the absence of an 
ignition source escapes of gas usually rapidly disperse into air harmlessly and with no risk 
of explosion. Gasoline burns in an omni-directional manner, for a significantly longer 
duration and the fuel accumulates and disperses where it has been leaked, remaining highly 
flammable until cleaned up. Hydrogen is non-toxic and presents no threat to the 
environment when leaked whilst gasoline is toxic and pollutes groundwater and marine 
ecosystems. 
 
All this information however is lost or put to one side by the perceptions of people, which 
can be summarised by one picture. The image shown in Figure 3.5 of the Hidenburg 
Airship burning in New Jersey in 1937 is a common image associated with furthering the 
notion that hydrogen is inherently more dangerous than other fuels. The fact that more 
people have died in helium airship disasters and that a large portion of the fire was due to 
the heavily doped aircraft skin burning is usually lost or ignored. Moving from the simply 
misrepresented to the ridiculous, some references also make note of a reported public 
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perception that hydrogen is synonymous with thermonuclear weapons or ‘hydrogen 
bombs’, further enhancing the image of danger that surrounds it [67, 101]. 
 
Figure 3.5 - The Hindeburg Disaster, 1937 [104] 
 
Public education and information exercises can correct all this, and the positive economic 
advantages of hydrogen will likely win over the vast majority of sceptics, but steps must be 
taken to ensure that the hydrogen storage technologies used in vehicles are as safe as 
possible as any uncontrolled failures in the early stage of hydrogen vehicle roll-out could 
spell disaster for the hydrogen vehicle. Most people perhaps forget that petrol is in itself an 
inherently dangerous fuel. Although it requires no pressurisation it is flammable, toxic and 
presents an explosive risk. In accidents it has and continues to cause cars fires and people 
burn to death in vehicles because of its presence. Technology has been developed to 
prevent this and they are actively used in military vehicles but have never been adopted in 
passenger cars due to cost and lack of demand. Consequently beyond the additional safety 
requirements imposed on pressurised storage systems hydrogen does not present any more 
challenges and may in fact be safer in accident and malfunction situations than petrol. 
 
 
3.5.2 Hydrogen Storage Systems 
The main question surrounding storage is which is the correct choice for vehicle 
applications. Because of its low molecular weight, Hydrogen is highly diffusive; it causes 
embrittlement of metals and relative to other gases requires a large amount of energy to 
compress and liquefy. The most common method seen in literature for storing hydrogen 
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on-board a H2ICEV or H2FCEV is in compressed gas cylinders [97, 102, 105-108]. To 
adjust for the difficulties in storing hydrogen, H2 cylinders differ from the standard steel 
cylinders used to store most gases. To combat the diffusion of hydrogen through materials, 
joints and interfaces the cylinder is lined with a high-density polymeric material that acts as 
a gas diffusion barrier. Because of the relatively high pressures (typically 700 bar) required 
to store enough compressed H2 to deliver a useable driving range, the cylinders have to be 
incredibly strong and the low density of hydrogen makes them physically quite large. Using 
steel for such a vessel would make it prohibitively heavy and therefore carbon fibre is 
typically used to construct the body of the vessel to make it lighter and stronger. The 
outside of the vessel needs to ensure protection from impacts and materials such as foam 
and Kevlar are used to achieve this. A typical fourth generation compressed hydrogen 
cylinder is shown in Figure 3.6 [109]. 
 
 
Figure 3.6 - Type IV Compressed H2 Cylinder [108] 
 
Carbon fibre is the single biggest cost driver of the compressed H2 cylinder [105] but a 
significant portion of the current cost is also thought to be due to current low volume 
assembly costs [107, 108]. 
 
On board storage of liquid hydrogen would be the most space efficient method, however it 
is prohibitively difficult to implement. Hydrogen is a gas down to -235°C. Even with highly 
insulated containers, a liquid H2 tank will gain heat from the surrounding environment and 
the liquid H2 will boil off into H2 gas. At a certain point this gas will need to be vented into 
the atmosphere from the storage device to prevent an explosion. Not only is this wasteful 
but it means that you could not park a H2FCEV vehicle at the airport and two weeks later 
come back and drive it away, the fuel would have literally evaporated into thin air. 
Cryogenic storage on-board would require a prohibitive amount of electricity to be 
generated by the fuel cell system simply to maintain the fuel as a liquid. Refuelling a liquid 
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H2 tank also takes longer than a compressed H2 tank as the whole refuelling system needs 
to be cooled to the liquid point before any sizeable amount of hydrogen will flow. 
Liquefying hydrogen requires around twice the power of compressing it into a 700 bar 
tank. Given all these factors liquid H2 storage is not considered practical for passenger 
vehicles. 
 
Another option is to use an existing liquid or gaseous petroleum or bio fuel and convert it 
to hydrogen on board the vehicle in a reformer as detailed by Hauer [110]. This allows 
existing fuels and infrastructure to be used though adds another system that needs to be 
powered and packaged into the vehicle. The public perception of safety was noted as 
important earlier in this section, adding in what is effectively a small piece of chemical plant 
into a vehicle is a significant step in this regard. In technical aspects it also complicates the 
control of the vehicle. With a direct H2 supply, a PEMFC can respond to changes in 
demand rapidly. If a reforming system is added into the system the transient response time 
is linked to how fast the reformer can produce hydrogen. System start-up times are also 
negatively affected by the need of the reformer to warm up to operating temperature 
before being able to produce any hydrogen and an intermediate compressed storage tank 
has to be provided to compensate for reformer response time during periods of high 
demand changes such as hill climbing, adding further weight and volume to the system 
[102, 106, 111]. As with many chemical processes, even if reforming of existing fuels was 
considered a sustainable option, doing it on a small scale is inefficient in comparison with 
large scale reforming plants such as those that generate hydrogen for fertiliser and 
petroleum production use. The overall system inefficiency, large weight and volume of the 
reformer system and the financial and environmental cost of putting a reformer system 
into every fuel cell vehicle makes it a nonsensical choice that this thesis does not consider 
sustainable or practical. 
 
Metal hydrides are materials that can be heated to absorb hydrogen gas and then can be 
caused to release it by the application of heat at later point. The application principle would 
be that hydride canisters would be sold at fuelling stations and the current canister could be 
removed and replaced with a fresh one and the vehicle could then carry on its way. Sodium 
aluminium hydride (NaAlH4) has been the focus of much research though like all hydrides 
its limiting factor is how much hydrogen it can store as a percentage of its own weight. 
Currently this is an order of magnitude less than either liquid or compressed hydrogen 
tanks can provide and given that the hydride needs to be heated at both the absorption and 
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desorption stage, typically to around 200°C, comparatively inefficient, requiring almost a 
third of the energy stored in the hydride [107]. 
 
  
 
Gasoline  
Reference 
Liquid Hydrogen 
235°C 
FeTi Hydride 
(1.2% H2) 
Compressed H2 
(70MPa) 
BTU 629,500 629,500 629,500 629,500 
Fuel Weight (kg) 13.9 4.7 4.7 4.7 
Tank Weight (kg) 6.3 18.6 547.5 86 
Fuel System Weight (kg) 20.4 23 552 90.5 
Volume (l) 18.9 177.9 189.3 227.2 
Table 3.2 - Comparison of H2 Fuel Storage Systems 
 
Table 3.2 [102] summarises the characteristics of the hydrogen fuel systems discussed. 
Compressed hydrogen gas storage is currently the most viable and promising means of 
storing hydrogen on-board a vehicle. It requires the least energy of any of the direct 
hydrogen methods to compress, allows for the fastest refuelling times and the technology 
already exists to provide tanks of a size sufficient to support long vehicle endurance.  
 
Packaging the cylinders into the vehicle chassis is a non-trivial but not insurmountable 
problem and various prototype and small-scale production vehicles have managed to 
achieve this and provide reasonable storage space in the vehicles boot. Initial public 
education will likely be needed to convey the truth about hydrogen safety and promote 
consumer acceptance of the fuel amongst early adopters. But ultimately like gasoline 
vehicles before them, so long as prudent design choices are made the benefits of hydrogen 
vehicles will likely see the safety aspects accepted by the wider public without major 
difficulty. 
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3.6 Hydrogen Vehicles – The State of the Art & Summary 
The first commercially produced prototype H2FCEV is generally accepted to be the 1966 
General Motors Electrovan, shown below in Figure 3.7. The Electrovan used 32 alkaline 
fuel cells and was fuelled with liquid H2 and liquid O2. It had a range of 240km, took 30s to 
go from 0-100kph and weighed ~3500kg[112]. The entire cargo bay was occupied by the 
system and safety concerns saw the van restricted to operation solely on GM property. 
Nevertheless it was a valid demonstration that fuel cell technology could power a vehicle. 
 
 
Figure 3.7 - The General Motors Electrovan [112] 
 
Some 45 years later, fuel cell vehicles have progressed substantially. Many major 
automotive companies have made prototypes and small-scale pre-production models and 
the H2FCEV has been one of the major focuses of spending on alternative vehicle 
technology research and development over the past decade. 
 
A chronological selection of the vehicles produced to date by the major automotive 
manufacturers is shown in Table 3.3 [108, 113-116]. 
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Vehicle Year Drivetrain Fuel Cell  Fuel  MPG Speed Range 
Mercedes 
NECAR 1 
(180 Van) 
1994 FCEV1 50kW PEM CH230MPa2 N/A 90km/h 130km 
Mercedes 
NECAR 2 V-
Class 
1996 FCEV 50kW PEM CH2 25MPa N/A 110km/h 250km 
Toyota RAV4 1996 FCBHEV3 20kW PEM Hydride N/A 100km/h 250km 
Mercedes 
NECAR 3 A-
Class 
1997 FCEV 50kW PEM 
Methanol 
Reformer 
N/A 120km/h 400km 
Toyota RAV4 1997 FCBHEV 25kW PEM 
Methanol 
Reformer 
N/A 125km/h 500km 
GM Zafira 1998 FCEV 50kW PEM 
Methanol 
Reformer 
80mpg 120km/h 483km 
Honda FCX-
V2 
1999 FCEV 60kW PEM 
Methanol 
Reformer 
N/A 130km/h N/A 
Honda FCX-
V1 
1999 FCBHEV 60kW PEM Hydride N/A 130km/h 177km 
BMW 7 Series 2000 H2ICEV N/A LH2 N/A 105km/h 300km 
Mercedes 
NECAR 4 A-
Class 
2000 FCEV 85kW PEM 
1.8kg CH2 
35MPa 
53mpg 145km/h 200km 
Mercedes 
NECAR 5 A-
Class 
2000 FCEV 85kW PEM 
Methanol 
Reformer 
N/A 150km/h 450km 
Ford Focus 
FCV 
2000 FCEV 85kW PEM CH2 25MPa N/A 128km/h 160km 
Ford TH!NK 
FC5 
2000 FCEV 85kW PEM 
Methanol 
Reformer 
N/A 128km/h N/A 
VW HyMotion 2000 FCEV 75kW PEM LH2 60l4 N/A 140km/h 350km 
Fiat Seicento 2001 FCBHEV 7kW PEM CH2 N/A 100km/h 140km 
Mazda Premacy 2001 FCEV 85kW PEM 
Methanol 
Reformer 
N/A 124km/h N/A 
Ford Adv Focus 
FCV 
2002 FCBHEV 85kW PEM 
10kg CH2 
35MPa 
50mpg N/A 290km 
GM Zafira 2002 FCEV 94kW PEM 
3.1kg CH2 
70MPa 
55mpg 160km/h 270km 
Honda FCX 2002 FCUHEV5 85kW PEM CH2 35MPa 50mpg 150km/h 355km 
                                                
1 FCEV – Fuel Cell Electric Vehicle 
2 CH2 – Compressed Hydrogen Tank 
3 FCBHEV – Fuel Cell Battery Hybrid Electric Vehicle 
4 LH2 – Liquid Hydrogen Tank 
5 FCUHVE – Fuel Cell Ultra/Super-Capacitor Hybrid Electric Vehicle 
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Vehicle Year Drivetrain Fuel Cell  Fuel  MPG Speed Range 
Nissan X-Trail 2002 FCBHEV 75kW PEM CH2 35MPa N/A 150km/h N/A 
VW HyPower 2002 FCUHEV 40kW PEM CH2 N/A N/A 150km 
Fiat Siecento 2003 FCBHEV 7kW PEM CH2 N/A 100km/h N/A 
Audi A2 2004 FCBHEV 66kW PEM CH2 N/A 175km/h 220km 
GM Sequel 2005 FCBHEV 73kW PEM 
8kg CH2 
70MPa 
N/A 145km/h 483km 
Ford Explorer 2006 FCBHEV 60kW PEM 
10kg CH2 
70MPa 
35mpg N/A 563km 
GM Equinox 2006 FCBHEV 93kW PEM N/A 39mpg 160km/h 320km 
Fiat Panda 2007 FCEV 60kW PEM CH2 N/A 130km/h 200km 
Honda FCX 
Clarity 
2007 FCEV 100KW PEM CH2 N/A 160km/h 570km 
VW Touran 2007 FCBHEV 80kW PEM CH2 35MPa N/A 140km/h 161km 
Renault Scenic 
FCV H2 
2008 FCBHEV 80kW N/A N/A 161km/h 240km 
Toyota FCHV 2008 FCBHEV N/A CH2 70MPa N/A 155km/h 830km 
VW Tiguan 2008 FCBHEV 80kW HTFC 
3.2kg CH2 
70MPa 
N/A 140km/h 230km 
Mercedes B-
Class F-Cell 
2009 FCEV 90kW PEM CH2 54mpg 170km/h 385km 
Mercedes Blue 
Zero F-Cell 
2009 FCBHEV N/A N/A 81mpg N/A 400km 
Audi Q5 2010 FCBHEV 98kW PEM CH2 70MPa N/A N/A N/A 
Table 3.3 - Existing Fuel Cell Vehicles 
 
Further analysis of the material summarised in Table 3.3 reveals several significant trends: 
 
a) Compressed hydrogen storage is the only storage system now used; reformers, 
liquid hydrogen and hydrides have been tried and discontinued.  
b) The trend in compressed hydrogen storage is towards the use of high-pressure 
70Mpa composite fuel tanks. 
c) Most recent fuel cell vehicles are hybridised with a nickel metal hydride (NiMH) or 
lithium ion/polymer (Li-Ion/LiPo) battery pack. 
d) Ballard was the pre-eminent supplier of fuel cell stacks though today Toyota, 
General Motors, Honda and VW now produce their own stacks. 
e) Significant amounts of data about the existing prototype vehicles is not publically 
disclosed and what is, often has to be collated from multiple sources. 
f) Though performance figures are given, little information exists about the 
conditions under which they were measured.  
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Reviewing these trends, a) and b) are in line with this study. c) is a direct result of the slow 
reaction rate of the fuel cell discussed in 3.4. The fuel cell system can not instantaneously 
meet the power demands of acceleration and the response times seen in the literature vary 
between 1s and 10s depending on both the fuel cell and size of the power demand change 
as a percentage of the cells power rating. To avoid a sluggish response, poor performance 
and negative driving experience an additional power source is needed to hybridise the 
power drive train and provide the transient power to fill the gap between the power 
demand and the actual fuel cell output. Three methods exist in the literature for doing this, 
batteries, ultra/super-capacitors and flywheels. The predominant approach is to use 
batteries as although ultra-capacitors have significantly higher power density than batteries 
they also have significantly lower energy density and can be exhausted before the fuel cell 
has caught up with demand. Batteries can also capture more energy from regenerative 
braking and in certain configurations provide all electric range (AER), usually in a fuel cell 
plug-in hybrid electric vehicle (FCPHEV). 
 
The lack of data highlighted in e) and f) is the single largest driving force behind this study. 
In order to evaluate and develop the FCHEV power drivetrain it is critical that the existing 
approaches can be analysed in detail both qualitatively and quantitatively. Even on the 
qualitative side this is incredibly difficult and starkly highlights the difference and conflict 
between academic research and commercial research and development. Quite prudently 
and understandably, manufacturers gloss over research failures and rigorously protect the 
intellectual property and patents their R&D investment yields. Breakthroughs in fuel cell 
membranes, catalysts, power converters, drive train control strategies, gas cylinders or any 
of the other critical components in the fuel cell vehicle could ultimately be worth billions 
of pounds. With these potential windfalls and due to the substantial sums invested, 
published information is often incomplete, cursory or too high level to be of any real 
scientific use.  
 
Take two vehicles for instance, the published information tells us that both drive trains are 
fuel cell battery hybrid drive trains, and that the rating of the fuel cell and battery is 
identical in each. The performance figures however, are completely different. We know 
nothing about the energy management strategy of each vehicle, the power converters used, 
whether they both use the same motor or whether one is including all electric range on 
remaining charge in the battery as part of the range once the hydrogen fuel has been 
expended or a host of other necessary parameters we need to perform proper critical 
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analysis. In many cases the vehicles are tested against different benchmarks yet the headline 
efficiency figures are published in a manner that suggests equivalence. 
 
From an academic point of view, it is impossible to completely describe or quantify the 
current state of the art without significant caveats that all but make the comparison useless 
for anything other than establishing what is currently said to be possible. Different 
methods of arranging the same components may yield gains or losses. Configurations may 
be suited to one type of driving or automotive market more than another, a fuel cell system 
may be better suited to a different vehicle or a highly efficient drive train may be let down 
by the type of motor being used. The constraints that commercial research places on 
companies, often using single chassis types, component sets and following a single 
development pathway targeted towards their existing markets, prohibits this useful and 
direct comparison. The costs involved would be significant and in the current economic 
climate it is unlikely that such projects will be funded. Yet this sort of research is vital to 
achieving the step developments needed to realise advanced alternative fuel vehicles in the 
near term. Incremental change will be useful, but it is not in itself a guarantee that vehicles 
can become sustainable or that they will be available before substantial adverse economic 
impacts arise from increasing oil prices. 
 
There is a wealth of information in peer-reviewed publications about the fuel cell power 
drive trains, subsystems, control and associated subjects. A small fraction relates to the 
development programs of major automotive manufacturers but the overwhelming majority 
is academic research aimed at developing various aspects of the drive train. Comparison 
between much of this literature is also very difficult as different aspects of subsystems are 
often analysed which makes drawing conclusions about the overall system difficult. Where 
similarities exist or where whole systems are analysed, different tests and metrics are 
applied. 
 
In order to fully establish the performance of current fuel cell vehicle drive train systems a 
detailed study of existing drive trains that can be qualitatively and quantitatively studied is 
needed. An extensive search of the literature revealed that some limited studies have been 
carried out but a comprehensive review and analysis of all current and proposed topologies 
did not exist and the decision was therefore taken to undertake one. Building on the 
methodologies discovered in the literature a multi-stage review process was developed and 
the results used to highlight the most optimal systems and possibly identify opportunities 
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to further develop and optimise systems into more efficient, higher performance, less 
complex and cheaper drive trains. 
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4 A Review of FCEV Drive Trains 
 
4.1 Introduction 
The need for a review of existing fuel cell vehicle drive trains has been established. The aim 
of this review is to provide data that can be used to determine the best vehicle drive train 
architectures. The power drive train is the heart of the vehicle, everything else aside, such 
as the chassis, vehicle body, fittings and ancillary equipment have easily quantifiable effects 
on vehicle performance and are little different from the effect they have on existing 
ICEVs. 
 
An extensive literature search was conducted to identify all known drive train 
configurations. Data was obtained from scientific journals and conference proceedings, 
manufacturers’ data, automotive industry publications, media articles and the Internet. 
Consideration was also given to relevant material from outside the automotive field where 
deemed prudent. Fuel cells have many applications and research and production work 
going on in different fields may have benefits to the automotive use of fuel cell technology. 
The largest problem identified with existing research is the lack of commonality in the 
systems, metrics and components. This prohibits like for like analysis. The difficulty of 
physically building multiple permutations of complete fuel cell vehicles has also been 
discussed. Given that it is beyond the financial means of some of the worlds largest 
automotive companies, it goes without saying that it would be an impossible aim for a PhD 
research project. 
 
Computer simulation however, provides a solution. Software and computer hardware costs 
aside, a simple investment of time and diligence has allowed multiple different power drive 
train models to be designed using a common vehicle chassis, power drive train components 
and control system. These vehicle models were then tested against a range of common 
driving cycles that represent single modes of driving, or single world automotive markets. 
The selection of cycles in the existing literature was often narrow. This review deliberately 
used a wide range of cycles to represent the majority of driving modes seen across the 
world. By appropriate model design, choice of simulation software and adequately rated 
computer hardware these models could iterate through the driving cycles many times faster 
than real time. 
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Certain compromises in the modelling process were necessary to produce models that 
could be solved in a realistic timeframe. Empirical data was extensively used to minimise 
any adverse impact these compromises had on the validity of the results. The results of the 
modelling process were used to draw comparisons between the various power drive train 
configurations in a way that existing information did not allow. This analysis was then used 
to determine avenues for further work in the design of drive train components, the 
arrangement of components in the drive train topology and the power management 
control within the drive train system. 
 
This chapter will set out the power drive train topologies found in the literature, review and 
discuss them and chose suitable candidate systems for detailed modelling and simulation 
based analysis.   
 
4.2 System Architecture 
The literature review identified that there are currently three main ways implementing a fuel 
cell powered passenger vehicle: 
 
1. Fuel Cell Electric Vehicle. 
2. Fuel Cell Battery Hybrid Electric Vehicle. 
3. Fuel Cell Super-Capacitor Hybrid Electric Vehicle. 
 
The overwhelming majority of topologies that were studied have been hybrid designs. This 
was by necessity rather than desire and is due to the inherent deficiencies in current fuel 
cells response to transient demand. An additional power source is therefore essential to 
ensure acceptable performance. An additional power source is also essential to provide the 
capacity for instant drive power. All vehicle users are used to getting into a vehicle, starting 
the engine and driving off without any delay. In contrast, some fuel cell power units can 
take around 10 minutes to be ready for use, imposing such a penalty on the driver that 
would be a serious barrier to market acceptance and so the additional power source 
provides both power to start the fuel cell and also motive power to the vehicle while the 
fuel cell reaches operational readiness. 
 
However, hybrid design introduces extra control overheads, weight, cost and further 
imperfect technologies into a vehicle. Using batteries or super capacitors for power assist 
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and traction in vehicles introduces more complexity and lifecycle issues, but without 
significant advances in fuel cell technology, it is a necessary evil.  
 
It is important to note that a hydrogen fuel cell hybrid electric vehicle (H2FCHEV) differs 
from the now well-established concept of a petrol or diesel hybrid electric vehicle. In the 
fossil fuel engine hybrid, the battery is typically used to replace part of the engine capacity, 
whereas in most current H2FCHEVs it is used to supplement it. 
 
4.2.1 Hybrid Power Source 
Although near universal agreement can be found in the references that the hybrid approach 
is necessary, agreement on the additional power source is lacking. The published studies fall 
into two main camps. One advocates the use of batteries, the other, the use of super 
capacitors (also known as ultra capacitors). Typically, batteries are considered energy dense 
and super capacitors power dense. 
 
In this thesis batteries were chosen to provide the power assist energy source over super 
capacitors for several reasons: 
 
 Greater energy storage capacity. 
 Charge retention time is significantly longer. 
 Lower volume for a given power rating. 
 
However such “qualities” of batteries are not without their comparative disadvantages and 
these include: 
 
 Lower peak power. 
 Increased weight. 
 Increased charging time. 
 Shorter operational lifespan. 
 
But these disadvantages are outweighed by the benefits of using battery as the power assist 
source in the H2FCHEV. One of the main disadvantages of the super-capacitor approach 
is that a pack can potentially discharge in a shorter time than the fuel cell can respond to 
transient demand, thus resulting in a sudden loss of power to the drive train. During 
normal driving this would result in an unpredictable and frustrating driving experience and 
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if this situation occurred midway during an overtaking manoeuvre on a two-lane road 
whilst there was oncoming traffic there could be serious safety consequences.  
 
The primary disadvantage though is that with super capacitors, the vehicle cannot be 
driven away the moment the driver turns the vehicle on and it cannot be left parked for a 
long period of time and retain its stored charge. Left charged, super capacitors will self-
discharge in a relatively short space of time (hours) and they do not contain sufficient 
energy even when full to power the entire vehicle whilst the fuel cell is starting up. The fuel 
cell needs its compressor, heating and humidification systems powering during start-up and 
further energy is required to provide instant drive away capability. Without a hybrid power 
source that can meet both these demands the fuel cell vehicle would have an unacceptable 
wait for the driver during start-up before they can drive away. That is not a feature of 
ICEVs or EVs and fails one of the key criteria for the diffusion of innovations. The battery 
is the only energy source that can  
 
Both technologies include control “overheads” to manage and protect the individual 
battery cells or capacitors but the differences between the amount of control and electronic 
hardware needed for cell balancing a battery pack compared to an super capacitor pack are 
negligible and do not really affect the choice. 
 
Some of the topologies found in the literature and used in this study were published using 
super capacitor packs. These packs were removed and supplanted by a battery pack for the 
purposes of this study, as the overall topology schema is unchanged. 
 
4.2.2 Drive Selection 
The two prime considerations when selecting a drive for use in an electric vehicle are the 
maximum speed the machine needs to run at and the maximum torque that the machine 
has to generate [117]. Ideally the machine will be able to operate through a single speed 
transmission and thus enable the elimination of a multi-gear, manual or automatic 
transmission from the vehicle, removing a point of failure, weight, cost and assembly 
complexity. Consequentially a suitable machine should be able to generate high torque over 
a wide range of operating speeds. Existing drive trains were found to use one of four 
motor technologies as the prime mover in the drive train. They were: 
 
 Brushed DC Permanent Magnet Motor 
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 Brushless DC Permanent Magnet Motor (BDCM) 
 Switched Reluctance Motor (SRM) 
 Induction Motor (IM) 
 
Brushed DC motors were discounted many years ago due to the poor efficiency, short life 
cycle, high weight and reliability problems associated with the mechanical commutation 
used in such devices all of which are considered to be significant problems [118].  
 
Permanent magnet brushless DC motors (BDCM) are currently the motor of choice in 
most combustion engine-electric hybrid vehicles. They have high efficiency and generate 
high torques for a low machine weight [117-120]. Advances in digital signal processing 
have made their control relatively straightforward and they have a higher power density 
than other drives. However they are typically limited to low speed operation and require 
intensive liquid cooling. The cost of the permanent magnets, most made from rare-earth 
materials is very high. Manufacturing large PM machines in any volume is expensive and 
complex [119, 120]. They offer promise for direct drive applications where the operational 
speed is low but significant development is needed before they can compete with induction 
machines or switch reluctance motors as the prime mover in an all electric vehicle [121]. 
 
Switched reluctance motors are an area of growing research interest and capability. They 
can operate through a much greater range of field weakening operation when compared to 
PM machines and thus can operate efficiently at high speeds [122]. They can also operate 
from conventional inverter drives and are simple to manufacture, with scale production 
yielding substantial cost savings when compared to BDCM drives [121]. For a given torque 
capability they are smaller and lighter than induction machines, can operate at higher 
speeds and are more efficient [118]. When this project started, SRM machines were 
considered immature and not ready for production usage in electric vehicles. The high 
torque ripple compared to induction machines and severe acoustic problems were 
considered to risk producing a poor driving experience and consumer rejection [102]. 
Development since however has seen them emerge as one of the pre-eminent choices for 
electric vehicle applications [123]. Because the SRM has many discrete windings they are 
also fault tolerant. The motor can continue to operate, albeit at reduced performance, 
should one or a few windings fail. It also has less risk of a shoot through fault in the 
windings than an IM or BDCM drives. 
 
 58 
Induction motors are relatively inefficient when compared to SRM and BDCM drives 
however at high speeds they are capable of operating far more efficiently than BDCM 
topologies. The technology is mature and IM drives are very reliable and cheap to 
manufacturer and have a very low torque ripple [118] and unlike BDCM drives, IM drives 
can be air cooled. Even though a BDCM of a given power rating may be physically smaller 
a similarly rated IM drive can generate a higher peak torque though the torque at speed is 
limited because of the requirement to operate a field weakening control strategy at high 
speeds. Advances in power semiconductor devices over recent years have resulted in once 
prohibitively expensive inverter drives now being mass manufactured commodity items. 
Similar advances in microprocessor technology have meant that sensor-less control is now 
achievable with relatively cheap hardware.  
 
The IM drive is larger than a similar SRM or BDCM but for this application its torque 
speed characteristic, high reliability, manufacturing simplicity and low cost make it the ideal 
choice. The majority of electric vehicles up until the mid-2000s were made using IM drives 
for traction and the drive used in this project was a Siemens IM drive. The drive had a 
rated speed of 0 – 10,000 rpm and a peak torque of 260Nm. This meant a single reduction 
gear could be used and eliminated a multi-gear transmission from the vehicle. A reverse 
gear is also not needed as the motor can simply be turned in the opposite direction by the 
inverter.  
 
4.3 Drive Train Topology Architecture Overview 
 
This review of existing topologies covered numerous different architectures, not all of 
which were fuel cell hybrid vehicles. By covering different applications of electric vehicle 
and hybrid drive trains it was thought that any ideas found to have beneficial effects in 
other areas may be found and potentially applied to enhance a fuel cell vehicle. From the 
published roadmaps it is clear that the automotive industry intends that the first production 
H2FCEV will follow on from ICE hybrid vehicles and that the fuel cell will be used to 
replace the internal combustion engine.  
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Figure 4.1 - HEV Drivetrains 
 
Whilst the series-parallel mechanically coupled hybrid shown in Figure 4.1 currently used in 
vehicles like the Toyota Prius makes the most sense for passenger vehicles using an internal 
combustion engine, it does not necessarily follow that the ideal H2FCEV is created by 
directly substituting the ICE with a fuel cell system. Although it would be possible to 
replace the ICE with a fuel cell, inverter and motor and then couple the output of the fuel 
cell motor and battery motor mechanically, the system would be needlessly large and 
inefficient when compared to combining the two power sources electrically and then 
driving a single, higher rated motor. Most of the fuel cell topologies in literature use this 
arrangement. 
 
The large number of topologies found upon an initial comprehensive search of the 
literature necessitated a two-stage approach to assessment. It was clear that not all the 
topologies could or should be fully developed into simulation systems and appraised by 
computer modelling. Some were ruled out after a simple qualitative evaluation, others were 
taken forward for a high level quantitative analysis and from this the topologies that would 
ultimately be simulated in this study were chosen.  
 
Because of the problems discovered when trying to compare the data from different 
systems contained in the myriad of literature found, the topologies found have been 
reformed from a common set of components. The arrangement of the topology typically 
dictates the overall system performance and by using a common set of comparison the 
different topologies could be compared against a common baseline with no need for ratios 
or fudge factors to account for differing component sizing.  This allowed a quantitative 
analysis approach using generalised figures for efficiency, weight and power rating to be 
applied to each and every topology. Although sizing of the system components is 
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important, at this nascent stage drawing comparable initial conclusions about the relative 
merits of each topology was the objective. 
 
Table 4.1 shows the component parts used to build the drivetrain topologies in this study. 
Nominal steady state efficiency values for each of the components are given as used to 
carry out the initial quantitative analysis. 
 
 
 
Component Nominal Efficiency Weight Symbol 
85kW H2PEMFC 0.56 200kg 
 
4.5kWh (45kW Peak Power) Li-Ion Battery 
[124] 
0.88 (Charge) 
0.94 (Discharge) 
45kg1 
 
80kW Uni-Directional DC-DC Converter 
[125] 
0.95 37.5kg2 
 
45kW Bi-Directional DC-DC 
Converter[125] 
0.93 28.5kg3 
 
80kW Bi-Directional DC-DC Converter 
[125] 
0.91 43kg 
 
4.5kW Uni-Directional DC-DC Converter 0.97 2.25kg 
 
Power Diode 0.99 0.2kg 
 
9.81:1 Fixed Ratio Transmission 0.97 n/a 
 
75kW (Peak Power) 3-Phase Drive & 
Induction Motor [126] 
0.86 110kg4 
 
Table 4.1 - Power Drive Train Topology Components 
                                                
1 Pack weight of Kokam Li-Ion cells. 
2 Weight based on 2kW/kg for uni-directional DC-DC converter. 
3 Weight based on 1.75kW/kg for bi-directional DC-DC converter. 
4 Weight of DC-AC inverter and AC induction motor includes fixed ratio transmission. 
H2FC
DC
DC
DC
DC
DC
DC
DC
DC
T
x
DC
AC
M
 61 
 
4.3.1 Traditional Electric Vehicles 
To start the review we begin by considering the traditional topology of a BEV, as shown in 
Figure 4.2. This consists of a battery electrical power source connected to an inverter drive 
and motor. Acceleration demand from the vehicle driver increases the amount of power 
drawn from the source and delivered to the motor. 
 
 
Figure 4.2 - BEV 
 
This system is a simple architecture that is the optimal method of designing an electrical 
vehicle. The current drawbacks and limited expected advancement of batteries discussed in 
2.4.7 make it highly unlikely that the BEV can entirely replace the ICEV in the near-mid 
term future. 
 
4.3.2 Adding the Fuel Cell 
The most simplistic approach to powering an electric vehicle with a fuel cell was to replace 
the battery with a fuel cell as shown in Figure 4.3 [127]. A power diode is included to 
prevent power flowing back into the fuel cell stack that can reverse the polarity of the cells 
and irreversibly damage the proton exchange membrane [128]. 
 
 
Figure 4.3 – Basic H2FCEV Drivetrain 
 
Unfortunately this is not currently a viable approach to building a fuel cell powered electric 
vehicle because of one major problem alluded to previously, of the lack of power in the 
DC
AC
M T
x
DC
AC
M T
x
H2FC
 62 
early start up of the fuel cell. The characteristics of the currently available automotive fuel 
cell power systems require an additional power source to drive away and start up the fuel 
cell system and compensate for the slow dynamic response of the fuel cell to transient 
power demands during acceleration. The simplest way of doing this is by adding a battery 
or capacitor across the fuel cell output [102, 129-136] as shown below in Figure 4.4. 
 
 
Figure 4.4 – Basic H2FC Battery Hybrid Drivetrain 
 
This arrangement is only possible if the characteristics of the fuel cell and battery are 
carefully matched. The two power sources will share the load and by controlling the flow 
of hydrogen gas into the fuel cell stack it is possible to control the amount of power 
provided by the battery and the amount of power provided by the fuel cell [102].  
 
Immediately on analysis of such suggestions there are several clear problems with this 
system. Matching the fuel cell and the battery, whilst possible, normally compromises the 
specification of one or both of the components and results in a non-optimal system. Given 
that the fuel cell voltage fluctuates as a function of its current, the battery pack is also 
required to tolerate variations in terminal voltage. Although some battery technologies will, 
some can be damaged, most will have a shortened lifespan and all will be run at inefficient 
points of operation for long periods. There is also no protection against deep discharging 
or overcharging. The fuel cell takes time to respond to changes in load and during the 
intervening period the system will try to meet the power deficit by drawing it from the 
battery, regardless of its state of charge, and there is no way of isolating the battery from 
the system. Using Lithium Ion batteries in such a system is not ideal and could be 
potentially dangerous as over discharging can lead to cells exploding and potentially 
catching fire. 
 
Ultra/Super capacitors are used in some systems though since they are significantly less 
energy dense than batteries they provide no drive away capability whilst the fuel cell system 
is starting up, and also yield negligible range when driving on the power from the ultra 
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capacitor system alone (all-electric range). They are however more capable of delivering 
large transient power demands and the components are physically more tolerant to the 
effects of such demands than batteries and have a longer service life. 
 
4.3.3 Controlling the DC Power 
Given the problems in matching the characteristics of a battery and fuel cell together so 
that they can be arranged on a common bus most systems use power converters to 
interface the output of either the battery or the fuel cell to the DC bus that supplies the 
motor. This is a similar approach to that of the series hybrid shown in, although the 
addition of power in DC format, rather than AC, is the most common approach found in 
the literature, primarily because both the battery and fuel cell are DC power sources. 
 
The addition of the converter into the system allows complete control over both power 
sources and allows each source to be optimally designed. The addition of a converter 
introduces cost, weight and loss into the system but the distinct advantages of having it 
there outweigh the losses.  
 
Figure 4.5 shows one implementation of this architecture. A bi-directional DC-DC 
converter is placed the between the output of the battery pack and the DC bus [137-140]. 
Using the components that will be used to form the system in this study the topology will 
require a 50kW bi-directional DC-DC converter. 
 
 
Figure 4.5 – Fuel Cell Determined DC Bus System 
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The converter operates so as to match the output voltage of the battery system to the fuel 
cell stack voltage. This introduces a control overhead on the system as this requires the DC 
bus to be constantly monitored. Consequently, there will be points of operation where the 
converter is operating in relatively inefficient regions due to the poor input to output 
voltage ratio of the converter. These points of operation will either be due to heavy load on 
the fuel cell reducing the bus voltage, or a period of heavy transient load where the fuel cell 
voltage will be high and the battery voltage will be low. 
 
Power flow from the fuel cell to the drive is very efficient in this system, nominally being 
around 0.83 with the only loss in the power path being the power diode. Power transfer 
from the battery to the drive is slightly less efficient due to the power converter, typically 
around 0.79. Battery charging has an efficiency of 0.80 and regenerative braking energy 
capture efficiency is 0.69. 
 
In order to protect the battery pack the system monitors the battery SOC and controls the 
DC-DC converter to prevent power being drawn from the battery pack when the SOC is 
too low and prevent charging once the SOC has reached its optimal maximum. This allows 
the vehicle to maximise the life of the battery pack. 
 
The DC-DC converter also allows re-generative braking energy to be utilised effectively. In 
the system shown in Figure 4.4 the whole of the regenerative braking energy would be 
presented at battery terminals and the battery can only be switched in or out of circuit by 
the battery management system. Much like the problems with charging the battery in the 
system, under certain circumstances the regenerative energy could be of a magnitude or 
duration whereby it would act to charge the battery in an inefficient, detrimental or unsafe 
manner. The DC-DC converter can act to control charging the battery with the 
regenerative energy and ensure that it does not damage the battery or present a risk to the 
system. 
 
 
Figure 4.6 – Battery Determined DC Bus System 
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Figure 4.6 shows by far the most prevalent approach to controlled power addition in a fuel 
cell drive train with 25 direct references found in literature [57, 89, 108, 133, 134, 140-160]. 
In this system the bus voltage is dictated by the terminal potential of the battery pack and 
the DC-DC converter at the output of the fuel cell either steps up or steps down the fuel 
cell voltage to match this level. 
 
The converter used in this system is rated at 75kW, larger than that of the previous units 
used but it is a uni-directional converter, which simplifies the design and reduces the cost, 
typically using half the number of switching devices of a bi-directional converter. The 
introduction of the converter does incur a performance penalty with the efficiency of the 
power path from the fuel cell to the drive being 0.80. Though in circumstances where the 
battery is heavily loaded and the fuel cell stack voltage is relatively high, this efficiency can 
drop as low as 0.70 due to the input to output voltage ratio of the DC-DC converter 
negatively impacting on the efficiency. As is clear from the layout of the system, power 
transfer from the battery is more efficient being nominally 0.85. 
 
Whilst charging the battery pack is as controlled and safe as the previous system, the 
recapture of regenerative braking is not, with the battery directly exposed to all reverse 
power coming from the drive and the battery management system only having on/off 
control of charging. Although a more efficient path for regenerative power it could lead to 
over charging or otherwise expose the battery pack to non-optimal charging conditions 
that can reduce life cycle or potentially damage the battery. 
 
4.3.4 Performance Optimisation 
The topologies detailed so far have all had one common feature. The DC bus voltage at the 
input to the inverter drive for the motor varies with load and time. This is dictated by the 
response of the fuel cell and the battery pack. As shown in Figure 4.7 and Figure 4.8, the 
output of both sources varies with load current and so regardless of whether the DC bus 
level is dictated by the fuel cell or battery pack, it will vary with load. 
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Figure 4.7 - Fuel Cell Output Voltage vs. Current 
 
Figure 4.8 - Battery Cell Output Voltage vs. Current 
 
 
The fluctuation of DC link voltage has one main impact and that is to decrease 
performance. Both the fuel cell and battery voltages can vary by up to 100V over their 
rated range. If the bus voltage is fixed by the terminal voltage of the battery pack the 
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maximum voltage is 369V and the minimum voltage is 270V. If fixed by the fuel cell the 
maximum voltage is 395V and the minimum is 285V. 
 
The output of both sources decreases under load and increases as the load is removed, as is 
typical of electric power sources. However in the application that creates a self-
compounding problem that negatively affects vehicle performance. When acceleration is 
demanded by the driver the power consumed by the motor increases too and consequently 
the DC bus voltage decreases. Figure 4.9 shows the torque speed curves for the motor at 
four different DC bus voltages. As the voltage decreases, the maximum torque available at 
a given speed decreases. Therefore, at a point where the driver demands maximum torque, 
the load placed on the electrical system may act to decrease the maximum torque available.  
 
Figure 4.9 - Torque Speed Curves for 75kW Induction Motor & Drive 
 
The solution to this performance limitation is to fix the DC bus voltage at the optimal 
point. Both power sources most be interfaced to the bus with DC-DC converters, reducing 
the overall efficiency of all the power flow paths in the system but ultimately should ensure 
that sustained high acceleration is possible. This architecture also allows controlled 
charging and optimal bus voltage is presented in Figure 4.10 [136, 161-166]. 
 
 68 
 
Figure 4.10 - Fixed DC Bus Voltage System 
 
An evolution of this architecture is presented in [167, 168] and shown in Figure 4.11. The 
authors suggested that the charging losses involved in charging the battery from the fuel 
cell were significant and used a separate, significantly smaller (~5kW) uni-directional DC-
DC converter to optimise the efficiency of charging. This is similar to the use of a separate 
generator for battery charging in the Toyota Prius HEV rather than using a single motor 
drive as the traction motor and generator. 
 
 
Figure 4.11 – Charge Efficiency Optimised Fixed DC Bus Voltage System 
 
4.3.5 AC Power Control 
So far, the topologies discussed have combined power on a DC bus and then used a DC-
AC inverter drive to power a 3-phase AC induction motor. However some systems 
combined the power on an AC bus, to which the motor was directly connected. The first 
method of doing this is shown in Figure 4.12. This system uses two grid connected DC-AC 
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inverters connected to each of the sources. The outputs of each of the inverters are 
coupled using 3-phase line inductors. 
 
 
Figure 4.12 – AC Bus Drivetrain System with Matrix Converter Motor Drive 
 
The immediate problem with such a system is one of control. If the inverters had identical 
power sources, control would be relatively simple with the power demand being split 
equally between each. In this application however the sources are not identical in any sense. 
They have different power capabilities, different IV characteristics and different response 
times. Whilst theoretically possible to split the power demand across the two inverters, it 
would require very computationally intensive control and the control algorithm would be 
complex to develop. 
 
Aside from the software problems there are also several hardware problems inherent with 
such a system. The inductors required are large and heavy and not eminently suitable for 
use in a vehicle. The number of switching devices and associated driver circuits required 
for two DC-AC converters is greater than for a single DC-AC converter and a DC-DC 
converter, further increasing cost, weight and cooling requirements. Even using half bridge 
converters the number of switching devices required for a 3 phase inverter is 3 times that 
of a bi-directional DC-DC converter. 
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Figure 4.13 – Dual DC-AC Inverter AC Bus Drivetrain System 
 
Another system based on an AC bus is shown in Figure 4.13. This is an evolution of the 
ICE hybrid drive train shown in Figure 4.14 [169].  
 
Figure 4.14 - AC Bus ICE HEV Drivetrain 
 
However, the fuel cell vehicle lacks an AC source and as such creating an AC bus requires 
a DC-AC conversion step. In this system there is also a Matrix converter before the motor. 
The matrix converter is a relatively new type of AC-AC converter, used because it requires 
no inductors, and relatively small capacitors. However it cannot boost the voltage and 
needs a large amount of switching devices. Control of the converter is computationally 
intensive and complex to understand. These are all safety concerns given that many of its 
failure modes will short circuit the input to the output with no way of isolation. 
 
Both these DC-AC and AC-AC conversion steps introduce efficiency losses, weight, 
control and component increases onto the system. Given this it is clear that a DC bus is 
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most suitable system choice for a fuel cell vehicle or indeed any electric vehicle where the 
primary power source is DC. 
 
One application where the AC bus architecture would potentially make sense is in a vehicle 
that required multiple distributed drives, such as that shown in Figure 4.15. Applications 
such as these are normally limited to large vehicles or electric vehicles fed by an AC supply, 
such as electric trains. It should be noted that there is no overall control of each motor in 
this configuration and its practical applications in road transport are consequently limited. 
 
 
Figure 4.15 - Multiple Drive AC Bus Drivetrain 
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4.4 Detailed Topology Analysis  
Using the data set out in Table 4.1, each of the topologies identified in the literature were 
analysed and the efficiency of the main power flows in the drive trains quantitatively 
described using headline efficiency figures for each of the components. Aside from giving a 
general overview of the efficiency of the drivetrain, issues with control complexity, 
packaging, manufacture and servicing, and the driver experience are also discussed. The 
weight and volume of the drivetrain have also been described where possible. Several non 
fuel cell drive trains have been included as they provide a useful reference and comparison 
to existing BEV and HEV technologies 
 
This section was written to provide a concise reference to all available drive train 
topologies and for ease of reference each of the topologies set out in this chapter will be 
titled with a letter of the alphabet. These references will be used going forward throughout 
this study. 
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4.4.1 Topology A 
 
Figure 4.16 - Topology A 
 
Power Flow Analysis 
Power Flow Path Efficiency Calculation Efficiency η 
Fuel Cell to Wheel 0.56 x 0.99 x 0.86 x 0.97 0.462 
Table 4.2 - Topology A Power Flow Analysis 
Control and Performance Pros & Cons 
Pro Con Feature 
✓  Simple control 
✓  Low subsystem count reduces weight 
 ✗ Floating DC bus voltage limits performance at speed 
Table 4.3 - Topology A Control & Performance Characteristics 
Driver Experience Pros & Cons 
Pro Con Feature 
 ✗ Poor acceleration and hill climbing performance 
 ✗ Driver has to wait for fuel cell system start-up to complete before drive away 
Table 4.4 - Topology A Driver Experience Characteristics 
Manufacture and Packaging Pros & Cons 
Pro Con Feature 
✓  Simple, low subsystem and component count power train. 
Table 4.5 - Topology A Manufacture & Packaging Characteristics 
 
Topology A Summary 
This topology [128] represents a pure fuel cell electric vehicle and is not a hybrid vehicle. 
The system is straightforward to implement, the acceleration pedal simply controls the rate 
of flow of reactants to the fuel cell stack. Due to limitations in fuel cell response times this 
vehicle cannot respond to all acceleration or electrical system demands instantly and 
therefore has a poor driving performance. Significant and currently “unforeseen” 
developments in fuel cell technology are required before it alone can be used to power a 
vehicle that has acceptable performance. 
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Known Variants 
Adding a DC-DC converter [170] on the output of the fuel cell ensures that the DC bus 
voltage is fixed and thus drive performance at speed is not restricted though is still 
ultimately limited by the response time of the fuel cell. This does however reduce the 
overall efficiency of the drive train. 
 
Known Production & Prototype Implementations 
1. GM Hy-Wire 
2. Ford Focus FCV 
3. Mazda Premacy FC-EV 
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4.4.2 Topology B 
 
Figure 4.17 - Topology B 
 
Power Flow Analysis 
Power Flow Path Efficiency Calculation Efficiency η 
Fuel Cell to Wheel 0.56 x 0.99 x 0.95 x 0.86 x 0.97 0.439 
Battery to Wheel 0.94 x 0.93 x 0.86 x 0.97 0.729 
Fuel Cell to Battery (Charging) 0.56 x 0.99 x 0.95 x 0.93 x 0.88 0.431 
Regenerative Braking 0.97 x 0.86 x 0.93 x 0.88 0.683 
Fuel Cell to Battery to Wheel 0.431 x 0.729 0.314 
Table 4.6 - Topology B Power Flow Analysis 
 
Control and Performance Pros & Cons 
Pro Con Feature 
✓  
DC bus voltage is fixed. Torque speed characteristic operates at a fixed point of high 
performance and drive control is straightforward. 
✓  
Fully controlled regenerative braking energy capture enables full utilisation without adversely 
affecting the battery. 
✓  
DC-DC allows the operation of the fuel cell system at a single high efficiency steady state 
independent of power demand. 
 ✗ 
Operating the DC bus at a constant fixed high voltage via DC-DC converters may not always 
be the most efficient method, especially during low speed driving where there is no demand 
for a high voltage to ensure high performance. 
Table 4.7 - Topology B Control & Performance Characteristics 
 
Driver Experience Pros & Cons 
Pro Con Feature 
✓  High acceleration performance 
✓  Instant drive away capability at start-up (also a feature of all topologies hereafter) 
Table 4.8 - Topology B Driver Experience Characteristics 
 
H2FC
DC
AC
M T
x
DC
DC
DC
DC
 76 
Manufacture and Packaging Pros & Cons 
Pro Con Feature 
✓  
Modular design allows converters and sources to be packaged around the vehicle utilising 
space better than a single large converter. 
 ✗ 
Separate converters increase the semiconductor, capacitor and inductor component count in 
the system. 
Table 4.9 - Topology B Manufacture & Packaging Characteristics 
 
Topology B Summary 
This arrangement [88, 130, 171-174] is based around a common DC bus that is defined as 
having has a constant voltage, normally of a magnitude that is the same as the maximum 
input voltage to the DC-AC inverter drive. By fixing this voltage at maximum, the motor is 
operated at the highest point on its torque speed curve, allowing the motor to generate the 
highest possible torque across its speed range and as such this is a very high performance 
system. The penalty for the performance is that each source has to interface to the bus via 
a power converter that carries an inherent power loss and therefore decreases the overall 
system efficiency. 
 
Known Variants 
An evolution of this topology was also found in several pieces of literature whereby the 
three power converters are integrated into a single block that claims to improve the overall 
system efficiency [174-179]. 
 
Topology I, to be introduced in due course, utilised a separate converter for battery 
charging to increase the efficiency of power flowing from the fuel cell to the drive via the 
battery. 
 
Known Production & Prototype Implementations 
None 
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4.4.3 Topology C 
 
Figure 4.18 - Topology C  
 
Power Flow Analysis 
Power Flow Path Efficiency Calculation Efficiency η 
Fuel Cell to Wheel 0.56 x 0.99 x 0.86 x 0.97 0.463 
Battery to Wheel 0.94 x 0.93 x 0.86 x 0.97 0.725 
Fuel Cell to Battery (Charging) 0.56 x 0.99 x 0.93 x 0.88 0.454 
Regenerative Braking 0.97 x 0.86 x 0.93 x 0.88 0.683 
Fuel Cell to Battery to Wheel 0.454 x 0.725 0.329 
Table 4.10 - Topology C Power Flow Analysis 
 
Control and Performance Pros & Cons 
Pro Con Feature 
✓  Efficient transfer of power to drive and battery. 
✓  Controlled regenerative braking 
 ✗ 
Floating DC bus voltage limits maximum motor torque, acceleration and performance during 
high demand. 
Table 4.11 - Topology C Control & Performance Characteristics 
Driver Experience Pros & Cons 
Pro Con Feature 
 ✗ 
Floating DC bus voltage reduces acceleration performance under circumstances where the 
driver requires extra acceleration. 
Table 4.12 - Topology C Driver Experience Characteristics 
Manufacture and Packaging Pros & Cons 
Pro Con Feature 
✓  
Smallest possible power converter requirement whilst retaining full control over battery 
utilisation and power management. 
Table 4.13 - Topology C Manufacture & Packaging Characteristics 
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Topology C Summary 
One of the most common methods of providing a power assist to the fuel cell system is to 
interface a battery to the fuel cell DC output bus with a DC-DC converter [130, 131, 137-
140, 173, 180]. The battery provides a power assist through its DC-DC converter whilst 
tracking the bus voltage that is dictated by the fuel cell stack current. The battery DC-DC 
converter, though bi-directional, is lower-rated and thus smaller and lighter than a DC-DC 
converter for the fuel cell would be. The converter also enables optimal and safe charging 
of the battery system from both regenerative braking energy and the fuel cell. 
 
Known Variants 
Topology D will add an additional DC-DC converter before the input to the inverter drive 
to fix the bus voltage and increase performance. Topology E effectively reverses the energy 
source that has the DC-DC converter connected to it 
 
Known Production & Prototype Implementations 
1. Toyota FCHV. 
2. Honda FCX (Li-Ion Model) 
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4.4.4 Topology D 
 
Figure 4.19 - Topology D  
 
Power Flow Analysis 
Power Flow Path Efficiency Calculation Efficiency η 
Fuel Cell to Wheel 0.56 x 0.99 x 0.91 x 0.86 x 0.97 0.421 
Battery to Wheel 0.94 x 0.93 x 0.91 x 0.86 x 0.97 0.663 
Fuel Cell to Battery (Charging) 0.56 x 0.99 x 0.93 x 0.88 0.453 
Regenerative Braking 0.97 x 0.86 x 0.91 x 0.93 x 0.88 0.621 
Fuel Cell to Battery to Wheel 0.454 x 0.663 0.301 
Table 4.14 - Topology D Power Flow Analysis 
 
Control and Performance Pros & Cons 
Pro Con Feature 
✓  
DC bus voltage is fixed. Torque speed characteristic operates at a fixed point of high 
performance and drive control is straightforward. 
 ✗ 
During high load the ratio of Vin/Vout of the bus DC-DC converter is dictated by the fuel cell 
voltage and diverges significantly from unity, resulting in lower efficiency.   
 ✗ 
Regenerative braking energy has to flow through two power converters, reducing the amount 
of energy that can be recaptured. 
Table 4.15 - Topology D Control & Performance Characteristics 
 
Driver Experience Pros & Cons 
Pro Con Feature 
✓  High acceleration performance 
 ✗ 
Extra converter between inverter and DC bus may increase acceleration response reaction 
time and introduce a lag between demand and acceleration response. 
Table 4.16 - Topology D Driver Experience Characteristics 
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Manufacture and Packaging Pros & Cons 
Pro Con Feature 
 ✗ 
The system requires a large 75kW bi-directional DC-DC converter increasing cost, packaging 
and cooling requirements. 
Table 4.17 - Topology D Manufacture & Packaging Characteristics 
 
Topology D Summary 
Topology D is deficient in that the DC bus voltage is dictated by the output of the fuel cell. 
At high output the fuel cell voltage decreases, reducing the input voltage to the drive and 
limiting available torque and performance. Topology D [181] overcomes this by adding an 
additional power converter to the DC bus the voltage can be stepped up to the maximum 
permissible level to ensure maximum torque is available at all times and thus increasing the 
performance of the vehicle. In order to continue to capture regenerative braking energy the 
additional power converter must be bi-directional. This incurs system efficiency, cost, 
weight, volume and packaging penalties that must be balanced with any increase in 
performance gained.  
 
The inverter drive control overheads are also reduced if the DC bus voltage is a fixed and 
known quantity. This eliminates the need to monitor the input voltage and alter the 
inverter switching strategy to cope with changes in the DC bus. 
 
Known Variants 
None. 
 
 
Known Production & Prototype Implementations 
None. 
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4.4.5 Topology E 
 
Figure 4.20 - Topology E  
Power Flow Analysis 
Power Flow Path Efficiency Calculation Efficiency η 
Fuel Cell to Wheel 0.56 x 0.99 x 0.86 x 0.97 0.463 
Battery to Wheel 0.94 x 0.86 x 0.97 0.784 
Fuel Cell to Battery (Charging) 0.56 x 0.99 x 0.88 0.489 
Regenerative Braking 0.97 x 0.86 x 0.88 0.734 
Fuel Cell to Battery to Wheel 0.784 x 0.489 0.383 
Table 4.18 - Topology E Power Flow Analysis 
 
Control and Performance Pros & Cons 
Pro Con Feature 
 ✗ 
Non-optimal charging and potentially uncontrolled application of regenerative braking energy 
to the battery terminals could shorten battery life and cause potential safety hazards. 
 ✗ No protection from exceeding battery safe state of charge/discharge threshold. 
 ✗ 
Even unloaded, the battery and DC bus voltage is typically lower than the fuel cell stack 
voltage, resulting in lower drive performance than topologies where the bus voltage follows 
the fuel cell. To avoid this the battery pack needs more cells in series to increase the voltage. 
✓  
DC-DC allows the operation of the fuel cell system at a single high efficiency steady state 
independent of power demand. 
 ✗ 
Floating DC bus voltage limits maximum motor torque, acceleration and performance during 
high demand. 
Table 4.19 - Topology E Control & Performance Characteristics 
Driver Experience Pros & Cons 
Pro Con Feature 
 ✗ High acceleration performance 
  
Extra converter between inverter and DC bus may increase acceleration response reaction 
time and introduce a lag between demand and acceleration response. 
Table 4.20 - Topology E Driver Experience Characteristics 
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Manufacture and Packaging Pros & Cons 
Pro Con Feature 
✓  Single uni-directional DC-DC converter required, low switching component count. 
 ✗ 
Careful consideration of battery protection necessary. Packaging and cooling that can cope 
with any excess thermal energy will be required.  
Table 4.21 - Topology E Manufacture & Packaging Characteristics 
 
 
Topology E Summary 
Topology E is by far the most common topology in the literature [57, 89, 102, 108, 128, 
130, 131, 133, 134, 140-160, 182-184]. The battery acts as a power source and power sink 
on the DC bus whereby power deficits are drawn from it and any excess power is sunk into 
it. Most current implementations have used NiMH batteries that are more tolerant than Li-
Ion to the effects of the fluctuating bus voltage.  
 
Li-Ion batteries need a significantly higher level of power conditioning and control and 
topology C is a better arrangement when using a single DC-DC converter and Li-Ion 
battery technology. 
 
Known Variants 
Topology F, detailed next, controls the voltage of the DC link to match the battery pack, 
before subsequently boosting the voltage with a second DC-DC converter before the 
inverter drive. This circumvents some of the problems with this topology, but not all. 
 
Known Production & Prototype Implementations 
1. Ford Focus FCV Hybrid 
2. Nissan X-Trail FCV 
3. Renault Laguna FEVER 
4. Mercedes A Class F-Cell 
5. Mercedes B Class F-Cell 
6. VW Bora HyMotion 
7. VW Tiguan HyMotion 
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4.4.6 Topology F 
 
Figure 4.21 - Topology F  
  
Power Flow Analysis 
Power Flow Path Efficiency Calculation Efficiency η 
Fuel Cell to Wheel 0.56 x 0.99 x 0.91 x 0.86 x 0.97 0.421 
Battery to Wheel 0.94 x 0.86 x 0.91 x 0.97 0.713 
Fuel Cell to Battery (Charging) 0.56 x 0.99 x 0.88 0.489 
Regenerative Braking 0.97 x 0.86 x 0.91 x 0.88 0.668 
Fuel Cell to Battery to Wheel 0.489 x 0.713 0.349 
Table 4.22 - Topology F Power Flow Analysis 
Control and Performance Pros & Cons 
Pro Con Feature 
✓  Additional DC-DC allows efficient operation of intermediate battery DC bus at lower voltage.  
✓  
DC-DC allows the operation of the fuel cell system at a single high efficiency steady state 
independent of power demand. 
 ✗ 
During high load the ratio of Vin/Vout of the bus DC-DC converter is dictated by the battery 
voltage and diverges significantly from unity, resulting in lower efficiency. 
✓  Additional DC-DC converter enables controlled re-generative braking energy capture. 
 ✗ 
Additional large bi-directional DC-DC converter decreases the efficiency of the entire drive 
train and increase the component count, cooling, volume, weight and vehicle packaging 
complexity. 
 ✗ No protection from exceeding battery safe state of charge/discharge threshold 
Table 4.23 - Topology F Control & Performance Characteristics 
Driver Experience Pros & Cons 
Pro Con Feature 
✓  High acceleration performance. 
 ✗ Extra DC-DC converter may introduce lag into acceleration response. 
Table 4.24 - Topology F Driver Experience Characteristics 
Manufacture and Packaging Pros & Cons 
Pro Con Feature 
 ✗ 
Two large DC-DC converters required, increasing component count, cost and converter 
volume. 
 ✗ 
Careful consideration of battery protection necessary. Packaging and cooling that can cope 
with any excess thermal energy will be required. 
Table 4.25 - Topology F Manufacture & Packaging Characteristics 
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Topology F Summary 
Topology F [185, 186] is a simple evolution of Topology E in the same way that Topology 
D is an evolution of Topology C. An additional DC-DC converter is again used to boost 
the bus voltage and increase the performance of the vehicle with the same intrinsic system 
penalties. 
 
Known Variants & Known Production & Prototype Implementations 
None 
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4.4.7 Topology G 
 
Figure 4.22 - Topology G  
 
 
Power Flow Analysis 
Power Flow Path Efficiency Calculation Efficiency η 
Fuel Cell to Wheel 0.56 x 0.99 x 0.86 x 0.97 0.463 
Battery to Wheel 0.94 x 0.86 x 0.97 0.784 
Fuel Cell to Battery (Charging)1 0.56 x 0.97 x 0.86 x 0.80 x 0.97 x 0.86 x 0.88 0.274 
Regenerative Braking 0.97 x 0.86 x 0.88 0.734 
Fuel Cell to Battery to Wheel 0.274 x 0.784 0.215 
Table 4.26 - Topology G Power Flow Analysis 
 
Control and Performance Pros & Cons 
Pro Con Feature 
✓  Efficient power path from fuel cell to road in constant load situations. 
 ✗ Battery charging through the road is incredibly inefficient. 
 ✗ Complicated control of power split between twin axle drive. 
✓  
Fault tolerance – vehicle can withstand a failure to either of the drives and still provide motive 
power. 
Table 4.27 - Topology G Control & Performance Characteristics 
Driver Experience Pros & Cons 
Pro Con Feature 
✓  
4-wheel drive design gives high grip, increased vehicle adverse weather capability and 
potentially improved acceleration performance. 
 ✗ Potential driving quality problems with the twin axle drive if control not optimally designed. 
Table 4.28 - Topology G Driver Experience Characteristics 
Manufacture and Packaging Pros & Cons 
Pro Con Feature 
✓  Mechanical power addition removes need for DC-DC power converters. 
 ✗ Cost, weight and system size increase due to dual inverters, motors and transmissions. 
 ✗ Not possible to package the larger drivetrain system in all vehicle body types. 
Table 4.29 - Topology G Manufacture & Packaging Characteristics 
 
                                                
1 The efficiency of transferring power through the front to rear transmission through the wheels and road is taken as 0.8 
DC
AC
M T
xM
T
x
H2FC
AC
DC
 86 
 
Topology G Summary 
Instead of driving a single axle in a two wheel drive arrangement Topology G uses a two 
axle drive [187, 188] in a drive train configuration known as ‘through-the-road’ (TtR). The 
system is a 4-wheel drive, mechanically coupled parallel H2FCBHEV. The front axle is 
designed to take the bulk of the slow transient driving load and is powered by the fuel cell. 
The rear axle is designed to provide power during periods of acceleration and is driven by 
the battery. The battery can also be charged through the road by increasing the power to 
the front axle and then running the rear axle motor as a generator. 
 
This configuration is more suited when a mechanical and electrical power source are being 
combined, as in a typical HEV or PHEV. When both power sources are electrical to begin 
with its advantages are less obvious. 
 
Early implementations of the system showed significant driving quality and control issues 
with combining the power sources through the road. Real time monitoring of road surface 
conditions needs to be implemented to achieve optimal power combination through the 
road. More recent HEV/PHEV TtR systems have overcome these issues.  TtR vehicles 
tend to be large chassis estate, MPV or SUV type vehicles, the increased size of the 
drivetrain would be difficult to package into compact, mini and super-mini type cars. 
 
Known Variants 
Topology H improves on this topology by including an electrical charging link between the 
two systems, increasing the charging efficiency to practical levels. 
 
Known Production & Prototype Implementations 
None – see Topology H. 
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4.4.8 Topology H 
 
Figure 4.23 - Topology H 
Power Flow Analysis 
Power Flow Path Efficiency Calculation Efficiency η 
Fuel Cell to Wheel 0.56 x 0.99 x 0.86 x 0.97 0.463 
Battery to Wheel 0.94 x 0.86 x 0.97 0.784 
Fuel Cell to Battery (Charging) 0.56 x 0.97 x 0.88 0.478 
Regenerative Braking 0.97 x 0.86 x 0.88 0.749 
Fuel Cell to Battery to Wheel 0.478 x 0.784 0.375 
Table 4.30 - Topology H Power Flow Analysis 
 
Control and Performance Pros & Cons 
Pro Con Feature 
✓  Significantly increased battery charging efficiency over Topology G. 
✓  Efficient power path from fuel cell to road in constant load situations. 
 ✗ Battery charging through the road is incredibly inefficient. 
 ✗ Complicated control of power split between twin axle drive. 
✓  
Fault tolerance – vehicle can withstand a failure to either of the drives and still provide motive 
power. 
Table 4.31 - Topology H Control & Performance Characteristics 
Driver Experience Pros & Cons 
Pro Con Feature 
✓  
4-wheel drive design gives high grip, increased vehicle adverse weather capability and 
potentially improved acceleration performance. 
 ✗ Potential driving quality problems with the twin axle drive if control not optimally designed. 
✓  
Fault tolerance, car can continue to be driven (with reduced performance) with one power 
source or drive having failed. 
Table 4.32 - Topology H Driver Experience Characteristics 
Manufacture and Packaging Pros & Cons 
Pro Con Feature 
 ✗ DC-DC power converters required in addition to twin drive system. 
 ✗ Cost, weight and system size increase due to dual inverters, motors and transmissions. 
 ✗ Not possible to package the larger drivetrain system in all vehicle body types. 
Table 4.33 - Topology H Manufacture & Packaging Characteristics 
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Topology H Summary 
This is a variation on Topology G, as the addition of a small 4.5kW uni-directional DC-DC 
converter allows the direct charging of the battery from the fuel cell rather than charging 
the battery by transferring power between the transmission, wheels and the road.  
 
Known Variants 
The Honda Sport Hybrid All Wheel Drive system uses three motors, one on the front axle 
and one each on the rear wheels to eliminate the need for a rear differential. 
 
Known Production & Prototype Implementations 
1. Volvo V60 Diesel PHEV 
2. Peugeot 3008 HYbrid4 Diesel HEV 
3. Vauxhall Vivaro TtRHEV 
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4.4.9 Topology I 
 
Figure 4.24 - Topology I 
Power Flow Analysis 
Power Flow Path Efficiency Calculation Efficiency η 
Fuel Cell to Wheel 0.56 x 0.99 x 0.86 x 0.97 0.462 
Battery to Wheel 0.94 x 0.86 x 0.97 0.784 
Fuel Cell to Battery (Charging) 0.56 x 0.99 x 0.97 x 0.88 0.473 
Regenerative Braking 0.97 x 0.86 x 0.88 0.734 
Fuel Cell to Battery to Wheel 0.473 x 0.784 0.371 
Table 4.34 - Topology I Power Flow Analysis 
 
Control and Performance Pros & Cons 
Pro Con Feature 
✓  Highly efficient battery charging. 
✓  
Fault tolerance – vehicle can withstand a failure to either of the drives and still provide motive 
power 
 ✗ 
With only one power source active, the other idle drive will introduce a frictional loss into the 
system unless a clutch is included to isolate it. 
Table 4.35 - Topology I Control & Performance Characteristics 
 
Driver Experience Pros & Cons 
Pro Con Feature 
✓  
Fault tolerance, car can continue to be driven (with reduced performance) with one power 
source or drive having failed. 
Table 4.36 – Topology I Driver Experience Characteristics 
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Manufacture and Packaging Pros & Cons 
Pro Con Feature 
 ✗ Cost, weight and system size increase due to dual inverters, motors and transmissions. 
  Not possible to package the larger drivetrain system in all vehicle body types. 
Table 4.37 - Topology I Manufacture & Packaging Characteristics 
 
Topology I Summary 
Instead of two motors driving separate axels as in Topologies G & H, this system uses two 
separate motors to drive the same axle and is a 2-wheel drive mechanical parallel fuel cell 
H2FCBHEV configuration. The same principal of using the fuel motor to provide the base 
relatively un-transient drive load and the battery to provide fast transient power is used. In 
some systems the overall size of each of the motors is decreased such that the drive trains 
overall power output remains the same. So for a vehicle that would traditionally have a 
single 75kW drive two motors are used, normally in a 1 to 1/3 power split whereby the fuel 
cell drives the 75kW drive and the battery a 25kW drive. Different splits can be chosen and 
tailored specifically to the mode of driving the vehicle is designed for. This in turn can 
allow for drives smaller and slightly more efficient in their own right, though combining 
the power output of the two motors incurs an efficiency penalty in each of the separate 
transmissions. Other systems do not downsize the fuel cell drive as to do so would limit 
the efficiency of the system at high steady state power levels where the battery drive would 
have to contribute to the total system power output despite its power flow path being 
significantly less efficient  
 
Known Variants 
This topology has been proposed in either front wheel drive or rear wheel drive 
configuration. 
 
Known Production & Prototype Implementations 
None. 
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4.4.10 Topology J 
 
Figure 4.25 - Topology J 
Power Flow Analysis 
Power Flow Path Efficiency Calculation Efficiency η 
Battery to Wheel 0.94 x 0.86 x 0.97 0.784 
Regenerative Braking 0.97 x 0.86 x 0.88 0.734 
Table 4.38 - Topology J Power Flow Analysis 
 
Control and Performance Pros & Cons 
Pro Con Feature 
✓  Simple architecture, considerably cheaper than fuel cell vehicle. 
✓  High performance if battery suitably specified. 
 ✗ Mass companding effect of increasing vehicle range by increasing size of battery pack. 
✓  
Cuts out use of Hydrogen as intermediate energy carrier. Significantly higher efficiency of 
converting renewably generated electricity to motive power. 
Table 4.39 - Topology J Control & Performance Characteristics 
 
Driver Experience Pros & Cons 
Pro Con Feature 
✓  High performance. 
 ✗ Limited range and long battery recharge time (several hours). 
 ✗ Batteries need to be replaced during vehicle lifetime. 
Table 4.40 - Topology J Driver Experience Characteristics 
 
Manufacture and Packaging Pros & Cons 
Pro Con Feature 
✓  Simple architecture, no DC-DC power converters. 
✓  Drive train has far fewer components than ICEV and H2FCEV. 
 ✗ Uses significantly more, costly, batteries than H2FCEV or HEV. 
Table 4.41 - Topology J Manufacture & Packaging Characteristics 
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Topology J Summary 
This is a classic battery electric vehicle [127] power drive train that has been included in 
this review to compare the performance of a H2FCHEV to that of a BEV. As previously 
discussed the BEV is the most efficient way of using renewable electricity to drive a vehicle 
but its range limitations and significant recharge times limit the types of driving modes it 
can be used for. Even if cost was not an issue, simply increasing the size of the battery can 
not solve this alone. Beyond a certain size the mass of the structural components required 
to support a larger and larger battery becomes an increasingly negative factor on vehicle 
efficiency. 
 
Known Variants 
Topology K. 
 
Known Production & Prototype Implementations 
1. General Motors EV1 
2. Nissan Leaf 
3. Tesla Roadster 
4. Mitshubishi iMiEV 
5. Ford Focus Electric 
6. Renault Zoe 
7. Toyota RAV4 EV 
8. BMW Mini E 
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4.4.11 Topology K 
 
Figure 4.26 - Topology K 
Power Flow Analysis 
Power Flow Path Efficiency Calculation Efficiency η 
Battery to Wheel 0.94 x 0.91 x 0.86 x 0.97 0.713 
Regenerative Braking 0.97 x 0.91 x 0.86 x 0.88 0.667 
Table 4.42 - Topology K Power Flow Analysis 
 
Control and Performance Pros & Cons 
Pro Con Feature 
✓  Very high performance. Simplified control and tracking of motor torque. 
 ✗ Reduced system efficiency. 
Table 4.43 - Topology K Control & Performance Characteristics 
 
Driver Experience Pros & Cons 
Pro Con Feature 
✓  Very high acceleration performance. 
 ✗ Further reduction in vehicle range. 
Table 4.44 - Topology K Driver Experience Characteristics 
 
Manufacture and Packaging Pros & Cons 
Pro Con Feature 
 ✗ Extra power converter complicates drive train and increases cost, weight and volume. 
 ✗ More battery cells required to achieve same range. 
Table 4.45 - Topology K Manufacture & Packaging Characteristics 
 
Topology K Summary 
By adding a DC-DC converter into the drive train of Topology J the DC bus voltage can 
be maintained at the highest possible inverter input voltage, thus ensuring maximised 
performance over the entire speed range of the motor. The weight of the converter and 
power loss in the system both act to reduce the range of the vehicle. 
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Known Variants 
None. 
 
Known Production & Prototype Implementations 
None. 
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4.4.12 Topology L 
 
 
Figure 4.27 - Topology L 
  
Power Flow Analysis 
Power Flow Path Efficiency Calculation Efficiency η 
Fuel Cell to Wheel 0.56 x 0.99 x 0.86 x 0.991 x 0.97 0.458 
Battery to Wheel 0.94 x 0.86 x 0.99 x 0.97 0.776 
Fuel Cell to Battery (Charging) 0.56 x 0.99 x 0.86 x 0.99 x 0.99 x 0.86 x 0.88 0.354 
Regenerative Braking 0.97 x 0.99 x 0.86 x 0.88 0.727 
Fuel Cell to Battery to Wheel 0.776 x 0.354 0.275 
Table 4.46 - Topology L Power Flow Analysis 
 
Control and Performance Pros & Cons 
Pro Con Feature 
✓  No DC-DC converters required. 
 ✗ 
Both converters are grid connected and therefore must have the same output voltage and 
frequency. Therefore maximum output voltage is determined by the magnitude of the 
converter that has the lowest output. 
 ✗ 
Voltage cannot be stepped up and the maximum output voltage is less than the maximum DC 
input voltage to the DC-AC inverter. This will lead to low torque capability at speed and low 
performance. 
 ✗ 
The allowable range of modulation indices will limit the range of power split control between 
the two power sources. 
 ✗ 
Careful control of the inverters will be necessary to ensure frequency and voltage 
synchronisation and to also prevent circulating currents in the system. 
  Low battery charging efficiency. 
Table 4.47 - Topology L Control & Performance Characteristics 
 
                                                
1 Losses in coupling inductor set, L, are taken to be 1% for RL of 0.05Ω . Weight of each 3 phase inductor set = 60kg. 
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Driver Experience Pros & Cons 
Pro Con Feature 
 ✗ Limited acceleration performance. 
 ✗ Acoustic noise and mechanical vibration from ripple and circulating currents. 
Table 4.48 - Topology L Driver Experience Characteristics 
 
Manufacture and Packaging Pros & Cons 
Pro Con Feature 
 ✗ 
Coupling inductors and additional DC-AC converter1 add additional weight, power loss and 
cost into the system. 
Table 4.49 - Topology L Manufacture & Packaging Characteristics 
 
Topology L Summary 
This topology draws on the idea of grid-connected inverter systems, usually found in 
renewable power generation systems to supply power from the two sources to an electric 
motor. In most of the other systems detailed, the power from both sources is joined on a 
DC bus, in this arrangement the power is joined on the AC bus that is then directly 
connected to the motor. 
 
The fundamental limitation of this arrangement is the relationship between the power 
provided by each power source. In a controlled DC bus system such as Topology B, each 
source can contribute as small or large a fraction of the total demand as required. In this 
system there is a limit imposed by the modulation index of the DC-AC converter. 
Unwanted harmonics, non-linear, circulating currents and square wave outputs are all 
consequences of running the converter outside of a certain range which would likely limit 
the degree to which the battery can assist the fuel cell in responding to transient power 
demands. The inductors used to couple the outputs of the converters are also large, heavy 
and with the escalating price of copper expensive additional components in the drive train. 
 
Known Variants 
Instead of using independent inductors to couple the two AC busses, one variant of this 
topology uses the coils of the motor as the coupling inductor. Although in this 
arrangement the power flows in the motor become quite complicated and only a single 
energy source can be used at any given instant. This application is normally limited to a 
system where there are multiple identical power sources. 
                                                
1 DC-AC converter weight = 40kg 
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Known Production & Prototype Implementations 
None. 
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4.4.13 Topology M 
 
Figure 4.28 - Topology M  
 
Power Flow Analysis 
Power Flow Path Efficiency Calculation Efficiency η 
Fuel Cell to Wheel 0.56 x 0.99 x 0.86 x 0.99 x 0.981 x 0.97 0.449 
Battery to Wheel 0.94 x 0.86 x 0.99 x 0.98 x 0.97 0.760 
Fuel Cell to Battery (Charging) 0.56 x 0.99 x 0.86 x 0.99 x 0.99 x 0.86 x 0.88 0.354 
Regenerative Braking 0.97 x 0.98 x 0.99 x 0.86 x 0.88 0.712 
Fuel Cell to Battery to Wheel 0.354 x 0.760 0.269 
Table 4.50 - Topology M Power Flow Analysis 
 
Control and Performance Pros & Cons 
Pro Con Feature 
✓  Relatively high efficiency converter. 
 ✗ 
Matrix converter output voltage is equivalent to 0.88 x the AC bus voltage level, whilst higher 
than the series connected inverter system is still less than most DC power addition systems 
and limits drive performance. 
 ✗ More suited to systems where the source is AC, eg. Electric trains. 
Table 4.51 – Topology M Control & Performance Characteristics 
 
Driver Experience Pros & Cons 
Pro Con Feature 
 ✗ Matrix converter can have significant resonant acoustic noise issues associated with it. 
 ✗ Matrix converter can fail closed, presenting a safety hazard. 
Table 4.52 - Topology M Driver Experience Characteristics 
 
 
                                                
1 Losses in coupling inductor set, L, are taken to be 1% for RL of 0.05Ω . Weight of each 3 phase inductor set = 60kg. 
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Manufacture and Packaging Pros & Cons 
Pro Con Feature 
✓  
Matrix converter requires no inductor or magnetic components so is therefore smaller and 
lighter for a given power rating. 
✓  Filter capacitor size of matrix converter significantly smaller than a standard DC-AC inverter. 
 ✗ 
Matrix converter1 has 50% more switching components than a traditional inverter; this can 
outweigh any cost, packaging volume or assembly benefits yielded by lack of inductors, power 
diodes and smaller capacitors. 
 ✗ 
Matrix converter can fail closed, presenting a safety hazard and requiring additional safety 
devices to isolate power from the drive in the event of such a fault. 
 ✗ Coupling inductors add additional weight and cost into system. 
Table 4.53 - Topology M Manufacture & Packaging Characteristics 
 
Topology M Summary 
Continuing with the AC bus systems, this topology uses a three-phase forced-commutated 
AC-AC cycloconverter (matrix converter) as the final drive to the motor [169]. The matrix 
converter has fewer components compared to traditional DC-AC converters reducing cost, 
weight and assembly complexity. The output voltage is also higher for a given input voltage 
and appropriate control schema [189]. 
 
Known Variants 
None. 
 
Known Production & Prototype Implementations 
None. 
 
                                                
1 Matrix converter weight = 80kg. 
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4.4.14 Topology N 
 
Figure 4.29 - Topology N 
  
Power Flow Analysis 
Power Flow Path Efficiency Calculation Efficiency η 
Fuel Cell to Wheel1 0.56 x 0.99 x 0.86 x 0.92 0.439 
Battery to Wheel 0.94 x 0.86 x 0.92 0.744 
Fuel Cell to Battery (Charging) 0.56 x 0.99 x 0.86 x 0.92 x 0.86 0.377 
Regenerative Braking 0.92 x 0.86 x 0.88 0.696 
Fuel Cell to Battery to Wheel 0.377 x 0.744 0.280 
Table 4.54 - Topology N Power Flow Analysis 
 
Control and Performance Pros & Cons 
Pro Con Feature 
 ✗ Inefficient method of combining electrical power. 
 ✗ Inefficient battery charging. 
Table 4.55 - Topology N Control & Performance Characteristics 
Driver Experience Pros & Cons 
Pro Con Feature 
 ✗ Inefficiency compared to fully electric power train type H2FECV will reduce range. 
Table 4.56 - Topology N Driver Experience Characteristics 
Manufacture and Packaging Pros & Cons 
Pro Con Feature 
✓  
Provides linear, incremental development step with component and platform reuse from 
HEV to H2FCEV 
 ✗ 
Planetary gear system is comparatively expensive, mechanically complex and bulky when 
compared to single speed fixed ratio transmission. 
Table 4.57 - Topology N Manufacture & Packaging Characteristics 
 
                                                
1 Power loss of each stage of planetary gear set taken to be 8% 
M
H2FC
DC
AC
M
G
AC
DCDC
AC
 101 
Topology N Summary 
This arrangement is based on the current parallel hybrid drivetrain found in vehicles such 
as the Toyota Prius. The ICE in the Prius type drivetrain is replaced with fuel cell, inverter 
and motor [190]. 
 
Whilst this configuration makes sense when dealing with a mechanical engine, it does not 
when dealing with an all-electric drive system. The power from the two sources is summed 
mechanically in this system through the planetary gear system power split device. The 
efficiency penalty imposed by doing this instead of combining the power electrically is 
significant, and is a big enough barrier in itself to not use this method. Proponents of the 
system would argue that in an evolutionary path, it is the path of least cost for 
manufacturers, who over time can develop petrol hybrid cars and then drop in a 
replacement for the engine. 
 
However another problem is the use of a generator to charge the battery, meaning power 
from the fuel cell has to be converted to mechanical power, transferred through a lossy 
transmission and be converted back from mechanical to electrical power before it can 
charge the battery. Not only is such a system highly inefficient, it is unnecessarily over 
complicated and substantially increases the number of electro-mechanical and power 
electronic elements in the topology. From a usability perspective, the servicing and failure 
potential of this electromechanical system is significantly higher than a simple power 
converter and far more difficult to replace if it does fail. 
 
Known Variants 
None. 
 
Known Production & Prototype Implementations 
1. Toyota Prius HEV (using Toyota Hybrid Synergy Drive) 
2. BMW 3 Series Active Hybrid HEV (using Global Hybrid Corporation system) 
3. Chevrolet Volt EV / ER-EV1 
 
                                                
1 ER-EV – Extended range electric vehicle. ICE in power train used to generate electricity to charge the 
battery only. 
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4.4.15 Topology O 
 
Figure 4.30 - Topology O  
  
Power Flow Analysis 
Power Flow Path Efficiency Calculation Efficiency η 
Fuel Cell to Wheel 0.56 x 0.99 x 0.86 x 0.97 0.463 
Battery to Wheel 0.94 x 0.86 x 0.97 0.784 
Fuel Cell to Battery (Charging) 0.56 x 0.99 x 0.88 0.488 
Regenerative Braking 0.97 x 0.86 x 0.88 0.734 
Fuel Cell to Battery to Wheel 0.784 x 0.488 0.383 
Table 4.58 - Topology O Power Flow Analysis 
 
Control and Performance Pros & Cons 
Pro Con Feature 
✓  No control of power flows required. 
 ✗ Floating DC bus voltage limits performance at speed. 
 ✗ 
Non-optimal charging and potentially uncontrolled application of regenerative braking energy 
to the battery terminals could shorten battery life and cause potential safety hazards. 
 ✗ No protection from exceeding battery safe state of charge/discharge threshold. 
Table 4.59 - Topology O Control & Performance Characteristics 
Driver Experience Pros & Cons 
Pro Con Feature 
 ✗ Low acceleration performance 
 ✗ Potential safety hazard from uncontrolled battery charge and discharge. 
Table 4.60 - Topology O Driver Experience Characteristics 
Manufacture and Packaging Pros & Cons 
Pro Con Feature 
✓  Low cost, simple arrangement - no DC-DC converters. 
 ✗ 
Careful consideration of battery protection necessary. Packaging and cooling that can cope 
with any excess thermal energy will be required. 
Table 4.61 - Topology O Manufacture & Packaging Characteristics 
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Topology O Summary 
This is an example of early implementations of H2FCBHEV [102, 129-136]. The battery is 
used as a “dumb energy buffer” in the system, following the fuel cell voltage responding to 
transient demand and absorbing spare power. Essentially the battery acts as a capacitor 
would on the rail of a DC power supply. 
 
With modern lithium ion and to a lesser extent nickel metal hydride batteries this system 
would not be practical as there would be no control of over-charge and over discharge of 
the battery cells or under and over voltage conditions at the terminal of the battery pack. 
Lead acid packs and super-capacitors are far more tolerant of such conditions. 
 
 
Known Variants 
Topology P. 
 
Known Production & Prototype Implementations 
Honda FCX 2005 (Ultra-capacitor Model) 
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4.4.16 Topology P 
 
Figure 4.31 - Topology P  
 
Power Flow Analysis 
Power Flow Path Efficiency Calculation Efficiency η 
Fuel Cell to Wheel 0.56 x 0.99 x 0.91 x 0.86 x 0.97 0.420 
Battery to Wheel 0.94 x 0.86 x 0.91 x 0.97 0.713 
Fuel Cell to Battery (Charging) 0.56 x 0.99 x 0.88 0.488 
Regenerative Braking 0.97 x 0.91 x 0.86 x 0.88 0.668 
Fuel Cell to Battery to Wheel 0.713 x 0.488 0.348 
Table 4.62 - Topology P Power Flow Analysis 
 
Control and Performance Pros & Cons 
Pro Con Feature 
✓  Increased Performance (vs. Topology O). 
✓  Controllable regenerative braking. 
 ✗ Reduced system efficiency. 
Table 4.63 - Topology P Control & Performance Characteristics 
Driver Experience Pros & Cons 
Pro Con Feature 
✓  Improved acceleration performance. 
Table 4.64 - Topology P Driver Experience Characteristics 
Manufacture and Packaging Pros & Cons 
Pro Con Feature 
 ✗ 
Large, costly bi-directional DC-DC converter increases component count, cost, system 
volume and cooling capacity. 
Table 4.65 - Topology P Manufacture & Packaging Characteristics 
 
Topology P Summary 
Topology P [129] shown in Figure 4.31 adds a bi-directional DC-DC converter to the DC 
bus to boost the bus voltage to ensure the vehicle has maximum torque capability and 
therefore increases the performance of the system. As ever, this approach reduces the 
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efficiency of the system, increases the cost and adds another large subsystem that requires 
packaging and cooling. 
 
Known Variants 
None. 
 
Known Production & Prototype Implementations 
None. 
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4.4.17 Topology Q 
 
 
Figure 4.32 - Topology Q 
Power Flow Analysis 
Power Flow Path Efficiency Calculation Efficiency η 
Fuel Cell to Wheel 0.56 x 0.99 x 0.95 x 0.86 x 0.97 0.439 
Battery to Wheel 0.94 x 0.93 x 0.86 x 0.97 0.729 
Fuel Cell to Battery (Charging) 0.56 x 0.99 x 0.95 x 0.93 x 0.88 0.431 
Regenerative Braking 0.97 x 0.86 x 0.93 x 0.88 0.683 
Fuel Cell to Battery to Wheel 0.431 x 0.729 0.314 
Table 4.66 - Topology Q Power Flow Analysis 
 
Control and Performance Pros & Cons 
Pro Con Feature 
✓  Efficient battery charging. 
✓  Battery can be charged whilst traction portion of drive train system is shut down. 
✓  High performance fixed bus voltage architecture. 
 ✗ In-efficient architecture for low power driving modes. 
✓  Optimally sized power converters. 
Table 4.67 - Topology Q Control & Performance Characteristics 
Driver Experience Pros & Cons 
Pro Con Feature 
✓  High acceleration performance.  
Table 4.68 - Topology Q Driver Experience Characteristics 
Manufacture and Packaging Pros & Cons 
Pro Con Feature 
 ✗ 
Large number of power converters, high cost, high component count and large system 
volume.  
Table 4.69 - Topology Q Manufacture & Packaging Characteristics 
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Topology Q Summary 
Topology Q [167, 168] is essentially Topology B but with a separate, small and highly 
efficiency uni-directional DC-DC converter for battery charging. Although the addition of 
another converter into the system incurs material, weight, volume and packaging costs, it 
can improve the efficiency of battery charging by around 4-8% depending upon the type of 
converter used.  
 
The figure quoted in Table 4.66 is for a hard-switched converter. The charging system 
could also be run independently of the main drive train and potentially be used whilst the 
vehicle is parked without the overhead of running the power, control and cooling. The 
sizing of the converter is highly dependant on the battery pack used. 
 
Known Variants 
None. 
 
Known Production & Prototype Implementations 
None. 
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4.5 Topology Review Summary 
The simple overview of the topologies reveals three prominent trends.  
 
1. Performance and efficiency are inversely correlated. 
2. Fully controllable and safe systems generally have more power train components. 
3. Mechanical summation of power in an all-electric drive train is highly inefficient. 
 
Topology FCtW η1 BtW η2 FCtB η3 FCtBtW η4 Regen η5 Bus Type6 Vehicle Mass 
Topology A 0.462 N/A N/A N/A N/A Variable 1214.0kg 
Topology B 0.439 0.729 0.431 0.314 0.683 Fixed 1280.0kg 
Topology C 0.463 0.725 0.454 0.329 0.683 Variable 1242.5kg 
Topology D 0.421 0.663 0.453 0.301 0.621 Fixed 1285.5kg 
Topology E 0.463 0.784 0.489 0.383 0.734 Variable 1251.5kg 
Topology F 0.421 0.713 0.489 0.349 0.668 Fixed 1294.5kg 
Topology G* 0.463 0.784 0.274 0.215 0.734 Variable 1324.0kg 
Topology H* 0.463 0.784 0.478 0.375 0.734 Variable 1329.0kg 
Topology I** 0.462 0.784 0.473 0.371 0.734 Variable  1349.0kg 
Topology J*** N/A 0.784 N/A N/A 0.734 Variable  1469.0kg 
Topology K*** N/A 0.713 N/A N/A 0.667 Fixed 1506.5kg 
Topology L 0.458 0.776 0.354 0.275 0.727 Variable 1394.0kg 
Topology M 0.449 0.760 0.354 0.269 0.712 Variable 1454.0kg 
Topology N 0.439 0.744 0.386 0.280 0.696 Variable 1509.0kg 
Topology O 0.463 0.784 0.488 0.383 0.734 Variable 1241.0kg 
Topology P 0.420 0.713 0.488 0.348 0.668 Fixed 1257.0kg 
Topology Q 0.439 0.729 0.431 0.314 0.683 Fixed 1285.0kg 
Table 4.70 - Topology Simple Power Flow Analysis Summary Table 
 
Table 4.70 shows that with the applied simple power flow analysis. The best values are 
highlighted in bold, whilst the worst are underlined. It is apparent that  topology E is the 
most efficient in all comparisons, though several other systems feature one or more 
equivalent ratings. No single system has all of the worst efficiency ratings though the 
systems that use mechanical power summation, either through-the-road or with a planetary 
                                                
1 Fuel Cell to Wheel Efficiency 
2 Battery to Wheel Efficiency (Battery Charging) 
3 Fuel Cell to Battery Efficiency (Battery Driving) 
4 Fuel Cell to Battery to Wheel Efficiency (Total Battery Charge & Battery Driving) 
5 Regenerative Braking Efficiency 
6 Bus Type – Fixed DC Bus Voltage (High Performance) or Variable (Reduced Performance) 
* Through-the-Road Mechanically Power Coupled Topology 
** Twin Motor Mechanically Power Coupled Topology 
*** BEV Topology 
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gear system show clearly marked losses due to the drive trains when power is being drawn 
from the battery. 
 
At this stage it is possible to narrow the focus of the study and identify the drive train 
topologies to be taken forward for full simulation. Several topologies will be discarded. 
Firstly the AC bus systems, the large magnetic components incur significant cost, 
performance and packaging penalties that make their use in a passenger vehicle impractical. 
The simple overview has shown that the planetary gear system in Topology N is clearly an 
inefficient method of combining the power and developing a full simulation model of the 
planetary transmission is beyond the scope of this study.  
 
Topologies O and P are not practical or safe when lithium ion battery technology is used 
and so will also not be considered. Despite using mechanical power combination, 
Topologies G, H and I seemingly offer high single pathway fuel cell to wheel or battery to 
wheel efficiencies and will be simulated to see if this steady state efficiency is replicated 
during variable speed driving. Topology J, a BEV will be simulated so that BEV and 
H2FCHEV drive trains based on the same vehicle chassis and battery and motor 
components can be directly compared. 
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5 Simulation Model Design 
 
5.1 Choice of Simulation Software  
 
Whilst carrying out background reading and literature research it became evident that a 
multitude of simulation software packages were currently in use within the fuel cell vehicle 
industry, the wider automotive industry and other fields of science and engineering related 
to the development of fuel cell, hybrid and electric vehicles.  
 
Along with integrated simulation packages some studies designed simulation models from 
the ground up in programming languages such as Assembly, C/C++, FORTRAN and Java 
[191]. This approach was not considered for this study, firstly because much time and 
effort would be focused on programming discrete mathematical functions that already exist 
as ready made building blocks in other systems and second and perhaps most importantly, 
validating the output of the program would be significantly more challenging. One benefit 
of this method is the execution speed of compiled code is typically several orders of 
magnitude faster than using a GUI simulation environment such as MATLAB Simulink. 
Some simple, high-level simulation studies ran as a series of numerical calculations in 
Microsoft Excel spread sheets but Excel could not be used to model the system at a 
sufficient level of detail for this study. 
 
The choice of software was driven by both suitability and economics. Support was a key 
issue as this was the first study to design at a complete vehicle simulation tool within the 
department. The University had existing licenses for MATLAB Simulink so a review of the 
other packages was undertaken in order to find out if it was worth using and investing in 
new software.  
 
After an initial period of consideration three software packages became possible choices 
for use in this study. These are detailed in the forthcoming parts of this section. Table 5.1 
details the other pieces of software that were also evaluated, but discarded from further 
investigation for a variety of reasons but predominantly due to a lack of data and 
information about them which precluded being able to fully evaluate them. Finding basic 
information about some of the packages was difficult enough; information about support, 
existing users and implemented projects was practically none-existent. Several packages 
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were also unsuitable due to inflexibility. They had been designed with a library of fixed and 
specific drive train systems and limited simulation variation to changing the paremters and 
sizing of those systems. 
 
 
Software Package Reason(s) for Discarding from Further Consideration 
ADVISOR 
ADVISOR is a dedicated virtual vehicle analysis program built atop 
MATLAB Simulink that was created as an open source project between 
various research establishments and automotive manufacturers. 
However the package was sold for commercial licensing in 2003 to 
AVL. Although subsequently released under open source license again 
in 2012 between 2003 and 2012 it was not available. 
AVTE 
UC Davis provide little information on the package designed for 
advanced vehicle technology evaluation. 
ELVIS 
Southwest Research Institue has no current information available about 
the ELVIS project, the last point of mention in any documents is dated 
2001. ELVIS was built for MATLAB Simulink and LabVIEW. Limited 
to set library of drive train topologies, mainly of electric and hybrid-
electric vehicles  
FCVSim 
FCVSim was one of the most developed simulation systems found in 
literature it was developed in MATLAB Simulink. FCVSim could not be 
obtained for evaluation. 
Hyzem 
Now being developed by MSC Software and Boeing as a (very 
expensive) commercially sold package called ‘Easy5’.  
PSAT 
PSAT is a program that integrates its models with the simulation 
runtime engine of MATLAB Simulink. 
Path 
Berkeley states Path’s main purpose as that in the area of research into 
intelligent vehicle projects rather than fuel cell vehicles. 
Simplev 
Simplev is a DOS based program written in QBASIC. The last known 
revision is version 3.1 which at the time ran on DOS 5 and DOS 6 
based machines. Models are designed via text based files and speed and 
flexibility of design are limited as a consequence. It is out of date and 
requires an operating system that is no longer easily available though 
can be run in a Virtual Machine environment under a hypervisor such 
as Xen or VMWare. 
VSP Built in the LabVIEW 
Table 5.1 - Simulation Software Not Considered For Use 
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5.1.1 PSpice 
Orcad PSpice is an electronic circuit simulation package that has libraries full of 
component models, including power electronic devices. Indeed most major semiconductor 
manufacturers provide free PSpice models for the majority of their devices. It provides 
detailed and accurate simulations of circuits however it is limited in the complexity of 
control structures that it can simulate. Control circuits normally have to be constructed 
from discrete components such as ideal op-amps and as such the size and complexity of 
anything but the most basic control systems becomes prohibitive. Creating control systems 
similar to those that would be provided by embedded microcontrollers in a real system is 
practically impossible especially when compared to how easy it is to implement such 
control functions in MATLAB. 
 
5.1.2 Modelica 
Modelica is a European open source project that was created to provide a freely available 
modelling language for complex physical systems. It provides a simulation environment 
similar to that of MATLAB Simulink in that objects are taken from a library, placed in a 
model and connected together to form a complete system in an intuitive manner. However 
the objects that make up Modelicas’ libraries are unlike MATLAB Simulink. Simulinks’ 
libraries are mainly made up of discrete control elements whereas Modelica has physical 
entities and devices, actual building blocks of real systems that can be brought into a 
simulation and used straight away [192]. 
 
Modelica also has a large library of electrical and electronic devices. The models for these 
devices are much more comprehensive than MATLAB Simulink’s and are based on PSpice 
models. This provides a more realistic simulation of power electronic subsystems. 
 
For that reason, Modelica appears to have been embraced by a large cross-section of the 
engineering world for modelling large systems. Interest and activity has been especially high 
is the automotive industry which has designed and contributed many libraries to the 
Modelica community for components of vehicles, including hybrid-electric and fuel cell 
vehicles. 
 
To utilise the Modelica language and its libraries it is necessary to use one of the available 
Modelica simulation environments. Although Modelica itself and its libraries are provided 
free, the simulation runtime environments are commercial packages. Of the two available 
 113 
runtime packages – Dymola and MathModelica, Dymola is the most widely used. Dymola 
not only provides a full graphical Modelica simulation environment complete with all the 
Modelica libraries but also an interface to MATLAB Simulink, allowing Modelica models 
to be imported into Simulink. This link is provided so that Modelica users can take 
advantage of MATLAB’s advanced data processing and analysis tools. 
 
Aside from the cost implications of using Modelica (~£1500), using it for this study was 
ruled out due to other drawbacks. The software was very ‘bleeding edge’ and as such little 
support was available for it and it was not used within the University. Its libraries were also 
provided ‘as is’ with no warranty or guarantee for use and came with no inherent 
validation. Although they are submitted in good faith by establish developers who have 
used them for their own development there is no independent auditing or checking of the 
libraries by a central body to a set of defined standards. This could possibly open results 
derived from Modelica to be challenged as inaccurate, flawed or invalid and it may be 
subsequently hard to defend the data given that the code behind the system has no 
recognised guarantee of quality. 
 
5.1.3 MATLAB Simulink 
MATLAB Simulink provides a very intuitive graphical based modelling system and is a 
standard throughout many areas of the engineering world. It offers an ideal environment to 
provide a topological simulation of a fuel cell vehicle and its subsystems. There is 
comprehensive and in depth support available via the MATLAB website and numerous 
third party websites and the design of complex control structures is straightforward since 
they can be coded in script files and then inserted into simulation blocks. 
 
The main limitation of Simulink is the way it simulates electronic devices. Native support is 
limited to representing a few basic electronic components and power semiconductors are 
only modelled as basic on-off switches ignoring the effects of turn-on or turn off times, 
on-state resistance, leakage currents, parasitic capacitances and temperature effects. 
However although all of these are relevant to the operation of the electronic power 
conversion systems in a fuel cell vehicle they will be common across all topologies. 
Simulink can therefore be used to simulate vehicles and provide valid comparison between 
different topologies even though it cannot model the exact behaviour of the power devices. 
The use of empirical data in look up table based simulation models can be used to 
compensate for this.  
 114 
 
If more accurate data were required, a common approach found in published literature was 
to take power flow information generated by the MATLAB Simulink simulation and feed 
this into a PSpice simulation model of the electronic circuits and then analysing the specific 
behaviour of the electrical devices. Alternatively, a separately purchasable toolbox, 
SIMPowerSystems could be used to provide more comprehensive and detailed simulation 
of power electronic circuits [152]. For comparing the performance of vehicle topologies it 
was decided that the simulation did not need this low-level power electronic detail. 
 
5.1.4 Choice of Simulation Software 
Several of the simulation packages in use in research and industry; FCVSim [126], 
ADVISOR [184, 188, 193-195], ELVIS and PSAT are built atop of MATLAB and/or 
Simulink and the majority of simulation systems found in literature have been built in 
MATLAB Simulink [140, 142, 152, 155, 196-198] or the very similar LabVIEW 
environment [199]. MATLAB Simulink appears to be the pre-eminent choice of software 
for designing simulation systems and given that it was already available and widely 
supported throughout the University with a large user and knowledge base available within 
the department it seemed the ideal choice of simulation tool for use in this study. 
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5.2  Simulation Model Construction 
 
All of the simulation models are based on a common vehicle chassis and drive, common 
power conversion elements and common power sources as detailed in Table 4.1. The 
variation between the simulation models was predominantly in how the selected 
components were arranged and controlling the flow of data signals between the various 
elements. Using these components and rearranging them for the different topologies 
enabled the simulation models to be designed quickly and efficiently. 
 
The subsystem models for the fuel cell, motor, power converters and battery pack were 
based on validated empirical data rather than being complete discrete simulation models. 
Complete modelling of the power electronic subsystems was also limited because of the 
lack of the SimPowerSystems toolbox. Complete dynamic modelling of the electro 
chemical processes occurring in the fuel cell would have been a substantial undertaking in 
its own right, likewise modelling the electromagnetics at work in the motor drive. The 
computational requirements of simulating these systems entirely would also have been 
prohibitive.  In any event the data required to design such models was not available from 
the manufacturers of these components. The current level of confidentiality surrounding 
hybrid and electric vehicles cannot be understated [184] and whilst understandable, proved 
a substantial hindrance in the development of the simulation model. Data from the 
Laboratory tests of the fuel cell, power converters and motor was obtained from various 
sources. The datasets contained sufficient data points to enable lookup table based 
performance map models to be used represent the internal operation of the components. 
Sufficient data exists such that intervening data points could be extrapolated linearly using 
MATLAB Simulink’s built in 2D and 3D lookup tables. This is a common and accepted 
method of abstracting and decreasing the computational complexity of many engineering 
models [200]. The validity of these datasets has where possible also been established and 
double-checked against models of the same hardware in other published studies and 
commercial research projects. The published information was used to check the models 
once they had been constructed. The battery subsystem was constructed as a dynamic 
model using data that in contrast to the other components was easily available from the 
battery manufacturer.  
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Each of the subsystems in the drive train was designed separately and fully tested before 
being integrated into a full vehicle model. This model was then itself tested before the full 
suite of drive train topologies was designed. 
 
5.2.1 Simulation Model Subsystems 
Once broken down into separate modules, each topologies simulation system comprises of 
a combination of some or all of the following components: 
 
a. 1100kg 5 Door Saloon Vehicle Chassis 
b. 75kW (Peak Mechanical Power) Motor & Integrated DC-AC Inverter Drive 
c. 75kW H2PEMFC 
d. 4.5kWHr/45kW Peak Power Battery & Battery Controller 
e. Bi-directional 45kW DC-DC Converter 
f. Bi-directional 80kW DC-DC Converter 
g. Uni-directional 80kW DC-DC Converter 
h. Uni-Directional 4.5kW DC-DC Converter 
i. Vehicle Management & Control System 
j. Driving Cycle Controlled Driver Emulation System 
 
This section will describe in detail how each of the subsystem models was constructed, 
tested and finally controlled and integrated into the overall models of the range of vehicle 
drive trains. 
 
5.2.2 Subsystem Component Sizing 
One active area of research highlighted by the literature review was that the choice of 
relative sizing of each of the subsystems could have significant impact on the performance 
and efficiency of the drive train. Some studies even focused solely on finding the optimal 
size of components as the method of improving the efficiency [160].   
 
The sizing of the components in this simulation model was fixed so that the different 
configurations could be compared on a like for like basis. The size of the components was 
largely pre-determined by the currently available systems and this was further restricted by 
which of those systems data could be obtained for. For passenger vehicles the chassis’ of 
typical European mid-size compact vehicles are all relatively similar. Fuel cell systems for 
passenger vehicles were largely rated at 75kW peak power, to power a motor drive that has 
 117 
a similar power output to a 1.6l petrol or 1.9l diesel ICE. The battery pack needed to 
provide the entire power capability of the fuel cell to maintain vehicle performance during 
fuel cell start-up phase and transient response periods. Its output voltage needed to be of a 
similar magnitude to the fuel cell to maintain an efficient ratio between the two. With the 
power requirements and output voltage set the configuration of the cells in the battery pack 
was then determined by the available Li-Ion cells and once again, which battery cells full 
data was available for.  
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5.3 Vehicle Chassis & Vehicle Dynamics Model 
 
The vehicle chassis model takes drive torque from the motor shaft, passes it through the 
transmission and calculates the actual speed of the vehicle, considering all the forces that 
act on the vehicle. The chassis model is limited in that it models the straight-line dynamic 
behaviour of the vehicle on flat surfaces and gradients. Cornering, suspension dynamics, 
skid behaviour, lateral forces such as roll and pitch and advanced interaction forces and 
transient effects are not modelled as they are beyond the scope of this study. Although they 
occur in real vehicles, they had little effect on the metrics that this study sought to measure 
and would only serve to unnecessarily complicate the model and increase the simulation 
runtime. The model used provides a sufficiently accurate representation of the vehicle so as 
to be sure the data generated by the simulations is accurate. 
 
The model is based on data from a European production 5-door saloon car that has an 
unladen weight of 1137kg in the production ICEV version. Removing the 1.6L 16V ICE 
(150kg), fuel system (65kg), lead-acid battery (14.5kg) and 5 speed manual gearbox (48.5kg) 
leaves a chassis of 859kg to which the mass of various H2FCEV components is added for 
each topology to give a net weight for that particular drive train. Each topology had a 
separate configuration file where its weight was defined. 
 
The drive train operated by calculating the angular acceleration of the vehicle based on the 
torque applied to the wheels by the output of the transmission, the torque applied to the 
vehicle by retarding forces and brakes and dividing that by the inertia of the transmission 
and wheels. The angular acceleration was then integrated to obtain the angular velocity of 
the vehicle that is then multiplied by the tyre radius to obtain the linear velocity. 
 
5.3.1 Forces Acting On the Vehicle 
The following retarding forces that acted on the vehicle were considered in this study: 
1. Rolling Resistance 
2. Wind Resistance 
3. Grade Resistance 
4. Applied Braking Force 
5. Inertial Resistance 
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The vehicle was considered to have a centre of mass exactly half way between the two axels 
and that the traction force was applied to the front wheels only. The braking force is only 
applied when the brakes are applied. Although in reality disc brakes pads are always in 
contact with the disc and thus causing retarding friction, the magnitude of the force is 
small and varies according to many variables and consideration of this force is therefore 
outside the scope of the study. Figure 5.1 shows the retarding forces acting on a vehicle 
whilst on a flat surface and Figure 5.2 shows how a gradient affects the weight vector of 
the vehicle. 
 
 
Figure 5.1 - Forces Acting on Vehicle on Level Ground 
 
Figure 5.2 - Forces Acting on Vehicle on Incline 
 
5.3.2 Wind Resistance 
The wind resistance or aerodynamic drag of the vehicle can be expressed as [201]: 
FDRAG = v2
1
2 ⋅ρair ⋅Cd ⋅Avehicle
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Equation 5.1 - Wind Resistance Force 
 
Where:   
FRRFRR
FDRAG
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airρ  = Density of air  
dC  = Coefficient of aerodynamic drag 
vehicleA = Cross sectional frontal area of vehicle  
 v= Speed of vehicle 
 
From data supplied by the vehicle manufacturer: 
dC  = 0.30 
vehicleA = 2.11m
2 
 
5.3.3 Rolling Resistance 
The resistance of a vehicle to rolling is a function of its weight and the coefficient of 
friction of the tires. The rolling resistance can be expressed as: 
FRR = µ ⋅m ⋅ g  
Equation 5.2 - Rolling Resistance Force 
Where:  
µ  = tyre coefficient of friction 
= vehicle mass (kg) 
= gravitational constant 
 
The tyre used in the simulation is a Michelin 195/85 R15 and the co-efficient of friction 
data was obtained from the manufacturer and is shown below in Figure 5.3. The tyre and 
wheel combined have a weight of 16.71kg. 
 
Figure 5.3 - Michelin 195/65 R15 Tyre Co-efficient of Friction Data 
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5.3.4 Grade Resistance 
The grade or slope of the road the vehicle is on affects the force neccsary to accelerate or 
decelerate the vehicle. If the vehicle is going uphill the grade resistance will be positive and 
act to resist the motion of the car up the hill. If the vehicle is going down hill the grade 
resistance will be negative and will act as an acceleratory force on the vehicle. 
 
FGRADE =m ⋅ g ⋅sin tan−1
Grade%
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Equation 5.3 - Grade Resistance Force 
Where:  
Grade% = percentage value of slope incline (0% - 100%) 
 
It is therefore clear that on a flat surface (grade = 0) there is no grade resistance. On an 
uphill gradient the force acts against the direction of motion and decelerates the vehicle 
and on a downhill gradient the force acts in the direction of motion and accelerates the 
vehicle. None of the driving cycles used other than the AMS cycle had gradient data 
associated with them. 
 
5.3.5 Braking Force 
The driver simulation subsystem generates a brake demand signal between 0 and 1. This 
demand is multiplied by the maximum braking force to calculate how much braking torque 
is applied to the wheels. The maximum braking force is defined as: 
 
 
FBRAKE[MAX ] =
3
5 m ⋅ g( )  
Equation 5.4 - Vehicle Braking Force 
 
The actual braking force at any instant, Fbr  is calculated as: 
 
FBR = BrakeDEMAND[0>1] ⋅FBRAKE[MAX ]  
Equation 5.5 - Braking Force Calculation 
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5.3.6 Inertial Resistance 
The inertial resistance force of a vehicle is the resistance to a change in the vehicles velocity 
by the inertial components of the vehicle. Namely the angular inertia of the motive parts in 
the power drive train and the linear inertia of the vehicle. The linear force can be expressed 
as: 
FIR[LINEAR] =mVEHICLE ⋅a  
Equation 5.6 - Linear Inertial Resistance Force 
 
To consider the angular inertia, it can be seen from Figure 5.4 that there are three main 
rotating components in the drive train, the motor, the gearbox transmission and the 
wheels. The axles and transfer shafts are also included in the calculation but are minor 
actors in determining the angular inertia. The inertia of these components is known from 
empirical data.  
 
Figure 5.4 - Rotating Components in Power Drive Train 
Knowing the inertia for each of these components, an equivalent mass mEQ can be 
calculated for the rotating system as a whole [202, 203] so that Equation 5.6 can be 
modified and FIR calculated as: 
FIR = mVEHICLE +mEQ( ) ⋅a  
Equation 5.7 - Inertial Resistance Force 
 
Looking from the wheel, each inertial force can be expressed as an equivalent mass and 
then summed together to derive mEQ: 
 mEQ = 4 JWHEEL
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Equation 5.8 - Equivalent Mass of Rotating Components 
 
Where: 
JWHEEL =Inertia of the wheel and tyre (kg m2). 
JMOTOR =Inertia of the motor rotor shaft (kg m2). 
JTX = Inertia of transmission including axel (kg m2). 
M T
x
JMOTOR JTX JWHEEL
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rWHEEL = Radius of tyre (m) 
ηTX = Efficiency of transmission. 
RTX = Gear ratio of transmission. 
 
5.3.7 Total Resistance Forces 
The total resistance forces, FRES, for the vehicle can therefore be expressed for all cases as 
follows.  
 
For a stationary vehicle on a flat surface: 
FRES = FRR  
Equation 5.9 - Total Resistance Forces at Rest 
 
For an accelerating or decelerating vehicle on a flat surface: 
FRES = FRR +FDRAG +FIR  
Equation 5.10   - Total Resistance Forces During Acceleration 
 
For a vehicle at constant velocity on a flat surface: 
FRES = FRR +FDRAG  
Equation 5.11 - Total Resistance Forces at Constant Velocity 
 
For an accelerating or decelerating vehicle on a gradient: 
FRES = FRR +FDRAG +FIR +FGRADE  
Equation 5.12 - Total Resistance Forces During Acceleration on a Gradient 
 
For a vehicle at constant velocity on a gradient: 
FRES = FRR +FDRAG +FGRADE  
Equation 5.13 - Total Resistance Forces at Constant Velocity on a Gradient 
 
5.3.8 Calculating Vehicle Linear Acceleration & Velocity 
The transmission delivers a known torque, TDRIVE to the vehicle wheels. The angular 
acceleration of the vehicle at any given instant can be calculated using the rotational 
adaption of Newton’s second law of motion: 
α =
TDRIVE
J  
Equation 5.14 - Vehicle Angular Acceleration 
 
Where: 
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J =Total moment of inertia of motor rotor, transmission, wheels, shafts and axles (kg m2). 
 
Integrating α yields the angular velocity, ω : 
ω = α∫  
Equation 5.15 - Vehicle Angular Velocity 
 
Converting both properties to linear measurements is simply a matter of multiplying by the 
radius of the vehicles tyre: 
a =α ⋅ rWHEEL  
Equation 5.16 - Vehicle Linear Acceleration 
 
ν =ω ⋅ rWHEEL  
Equation 5.17 - Vehicle Linear Velocity 
 
5.3.9 Vehicle Dynamics Assumptions 
The model of vehicle dynamics makes several key assumptions: 
 
1. The vehicle is driven in a straight line on a dry road surface of uniform 
construction and zero camber. 
2. There is no atmospheric wind and it is not raining. 
3. The air is at standard temperature and pressure. 
4. The vehicles centre of mass is in the middle of the vehicle. 
5. The weight distribution of the vehicle over the front and rear axels is 50%. 
6. There is no weight transfer during breaking or acceleration. 
7. The wheels do not slip. 
8. The tires do not deform and maintain a constant radius. 
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5.4 Motor & Inverter Drive 
 
The traction motor is a model based on laboratory test data from a commercially produced 
electric vehicle motor with integrated DC-AC PWM drive [125, 126, 204]. The motor is a 
3-phase AC induction motor capable of generating 260Nm of torque and operating at 
speeds of up to 10,000rpm, generating 75kW of mechanical power (peak). The 3-Phase 
DC-AC inverter operates with a DC supply rating of 250-400V. 
 
The model of the motor is principally based on three lookup tables created from empirical 
data supplied by the motor drive manufacturer: 
 
1. 2D Lookup Table A. Inputs: Speed, DC Bus Voltage. Output: Maximum Torque 
2. 3D Lookup Table A. Inputs: Speed, Torque, DC Bus Voltage. Output: Power Loss 
3. 3D Lookup Table B. Inputs: Speed, Motor Power, DC Bus Voltage. Output: 
Torque 
 
Using these three tables it is possible to accurately calculate and describe all the required 
properties of the motor and drive without the computational overhead of calculating the 
discrete electrical, electromagnetic and mechanical events occurring within the drive.  
 
5.4.1 Maximum Torque Control Data 
A two-dimensional lookup table is used to calculate the maximum torque the motor can 
generate for a given DC bus voltage and motor speed. Four sets of data are used for VDC = 
250V, 300V, 350V & 400V and the Simulink lookup table block interpolates between them 
when the bus voltage is fluctuating. The data used is shown below in Figure 5.5. 
 
The vehicle controller uses the maximum torque, TMAX, to generate the demand signals for 
acceleration and braking. These signals are values of 0-1 used to emulate a drive actuating 
the accelerator and brake from off to fully depressed position. The maximum available 
braking torque is fixed as per Equation 5.4 
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Figure 5.5 - Maximum Motor Torque vs DC Bus Voltage 
 
5.4.2 Motor Power 
The first of the 3D lookup tables calculates the power lost, PLOSS, by the motor and inverter 
drive for any given combination of speed, torque and DC bus voltage. Taking an empirical 
dataset measured for values of Torque (TMOTOR in Nm) and Speed (ωMOTOR in rad/s) at four 
different bus voltages (VDC = 250V, 300V, 350V & 400V) the power lost by the system can 
be calculated for any valid set point of the system, with the Simulink 3D lookup table 
linearly interpolating points between the datasets. 
 
The mechanical power of the motor is calculated from the inputs to the motor, taking into 
account the fixed gear ratio of the transmission, such that the total power of the motor and 
inverter drive system can be characterised as: 
 
PMOTOR = PLOSS +PMECHANICAL
PMOTOR = PLOSS +
TDRIVE
R ⋅ηTX
"
#
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%
&
' ωDRIVE ⋅R( )
PMOTOR = PLOSS +
TDRIVE ⋅ωDRIVE
ηTX
 
Equation 5.18 - Motor Power 
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Where: 
  R = Gear Ratio 
  ηTX  = Mechanical efficiency of the gearbox. 
 
Given the DC bus voltage, VDC, calculating the electrical input current, IMOTOR required by 
the motor at that instant is straightforward: 
IMOTOR =
PLOSS +
TDRIVE ⋅ωDRIVE
ηTX
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Equation 5.19 - Motor Input Current 
 
The efficiency of the system can be calculated as: 
ηMOTOR =
TDRIVE ⋅ωDRIVE
PLOSS +
TDRIVE ⋅ωDRIVE
ηTX
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Equation 5.20 - Motor Efficiency Calculation 
 
An overview of how this subsystem was implemented in Simulink is shown below in 
Figure 5.6. 
 
 
Figure 5.6 - Motor Power Loss Calculating Simulation Model 
 
5.4.3 Motor Torque 
The method of simulation will be discussed in more detail later in this chapter but the 
model of the motor just described is a backwards-looking model. It takes a known state of 
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the system and calculates how much power is required to achieve that state. Due to the 
nature of the power sources being used, the simulation system required both this type of 
motor model, and a forward-looking model.  
 
At certain points the combination of fuel cell and battery output currents may not be 
sufficient to meet the request demand current to attain a given torque at a certain speed. 
Therefore a second motor block is needed that takes the speed, DC bus voltage and input 
current as inputs and generates torque as an output. The system can then accurately 
calculate the speed of the vehicle using the actual output torque of the motor that is 
attainable with the available power in the system. 3D lookup tables were once again used to 
achieve this. The forward-looking model is shown below in Figure 5.7. 
 
 
Figure 5.7 - Motor Torque Output Calculating Simulation Model 
 
5.4.4 Regenerative Braking 
Regenerative braking was one of the final parts of the motor model to be considered, 
however its implementation placed an additional computational load on the simulation 
model and in an effort to optimise the simulation the decision was made to not implement 
regenerative braking in the model. 
 
The regenerative braking model is computationally intensive for several reasons. At the 
simplest level, the braking torque available from the motor could provide the force 
required to decelerate the vehicle when the driver presses the brake pedal. If the available 
braking torque from the motor does not meet the demanded braking torque, the friction 
brakes could be applied to make up the deficit. The amount of regenerative energy 
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available to charge the battery can then be calculated from the motor speed, torque and 
efficiency of the inverter in converting the energy from AC to DC.  
 
Things are not so straightforward though as the implementation of regenerative braking 
would need to have a control strategy that could be adapted to the differing topology 
arrangements as each has specific requirements to ensure the battery is protected from over 
voltage and over charge. Optimal control of the braking force split between the friction 
brakes and regenerative braking so as to recuperate the maximum about of power possible 
is the topic of several studies as a subject in its own right [205-208]. Furthermore the 
different driving cycles have variable opportunities to use regenerative braking and 
different regenerative strategies can be adopted for each cycle to optimise the recovered 
energy.  
 
This study involved a significant scale of simulation with multiple topologies tested against 
many driving cycles. Due to the combined forward and backwards looking approach used 
in the model, the simulation was computationally intensive. The model was optimised 
where possible and the simulation step sized increased to the maximum possible size that 
still allowed the model to be solved. Despite this, the limitations of the available 
computation resources at the time were prohibitive and the simulations took a significant 
amount of time. Depending on the driving cycle length and the particular topology being 
simulated, simulations took anywhere between 2 and 12 hours to complete. A high 
performance computer was used but 32 bit hardware allowed a maximum of 3.5GB of 
RAM, running at a relatively low memory bus speed on a dual core CPU that was 
connected to an enterprise grade, but by todays standards relatively slow, hard disk drive. 
No affordable high speed solid state storage was yet available and as a result virtual 
memory operations where the system swapped data to disk as it ran out of available RAM 
had a significant time cost. 
 
Implementation of regenerative braking in the model would have necessitated another 
combined forwards and backwards looking model as the control of regeneration would 
have to factor in battery SOC, drive speed and torque and the performance of any DC-DC 
converters in the electrical path between the drive and the battery. A test model was 
developed on a single topology but the overall computation time was increased 
significantly. Additionally, as the control model would have to be modified for each 
topology, the time required to develop, test, modify and test the model before the actual 
vehicle simulations were undertaken would also have been significantly increased. The 
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decision was therefore taken to exclude regenerative braking from the simulation model. 
Data existed that allowed the amount of energy available for recapture to be estimated and 
several of the driving cycles have limited or no opportunity to recapture any regenerative 
energy thus allowing direct comparison with models that do implement regenerative 
braking. 
 
5.4.5 Idle & Braking Losses 
The standby overhead power losses of the inverter and drive are a constant value of 20W. 
The friction brakes are assumed to be actuated by an electrically power hydraulic actuator. 
Typically much of the braking in an electric vehicle is done through using the motor in 
reverse as a generator and drawing power from it to charge the battery whilst slowing down 
the vehicle. The friction brakes are typically used for less than a third of the braking they 
would be in an ICEV. Since regenerative braking is not part of this studies scope and no 
data could be obtained for an electrically actuated friction brake it is assumed that the net-
power balance required to operate the brakes would be zero or positive and therefore no 
loss due to braking is factored into the model. 
 
5.4.6 Motor Protection 
The motor and inverter drive need to be protected from several operating states that could 
cause damage to the real system. Over speed of the rotor can cause the centrifugal force 
acting on the rotor to exceed its design limits and cause it to fail. The motor bearings can 
also fail and the increased thermal energy generated in the motor can cause the windings to 
fail. The system is protected from this by an absolute speed limit at 100% of the motor 
rating being placed in the control path the motor cannot be driven in excess of this speed 
and any erroneous command to do so will be adjusted to the limit value. It is assumed that 
the vehicle cooling system maintains the motor at a safe, constant operating temperature so 
thermal risks during normal operation and electrical parameter variations due to 
temperature are ignored.  
 
5.4.7 Motor Characterisation 
Whilst validating the model against the empirical data several visualisations of the 
combined motor drive were created to aid the process that also serve to illustrate the drives 
performance. 
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The efficiency of the motor and drive through the entire range of operating points at a DC 
link voltage of 400V is shown in Figure 5.8. 
 
 
Figure 5.8 - Motor & Inverter Drive Efficiency Map 
 
Figure 5.9 illustrates the total electrical power consumed by the motor and drive across the 
entire range of operating set points permissible during safe operation. The power 
limitations of running at lower DC link voltages can be clearly seen at 250V whilst the 
larger flatter plateau at high torque and speed levels shown whilst operating at 400V shows 
that the drive is more efficient at these points when operated with a higher DC link voltage 
resulting in lower losses in the converter and motor in addition to the benefits of higher 
performance. 
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Figure 5.9 - Total Motor Power Consumption at all Operating Points and DC-Link Voltages 
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5.5 Transmission 
 
The gearbox used in all simulations is a fixed ratio transmission of 1:9.81. With a maximum 
permissible motor torque, TMOTOR, of 260Nm and maximum motor speed, NMOTOR, of 
10,000rpm the gearbox reduces the speed and increases the torque such that: 
 
TDRIVE[MAX ] = 2550.60Nm
NDRIVE[MAX ] =1019.37rpm
 
Equation 5.21 - Maximum Drive Speed & Torque 
 
As mentioned in 5.4.5, it is important to note that the maximum speed of the vehicle needs 
to be carefully monitored to prevent damaging the motor by over speeding. Since the 
radius of the tyre is 0.358m (15”) and the maximum permissible speed of the motor is 
10,000rpm (1047.2 rad/s) the maximum speed of the vehicle can be calculated. 
νMAX = 2π ⋅ rWHEEL
rpmMAX
60
"
#
$
%
&
'
vMAX = 38.21ms−1
vMAX =137.56kph
 
Equation 5.22 - Maximum Vehicle Speed 
 
 
Under certain downhill road conditions this top speed could be exceeded, therefore the 
vehicle speed is monitored constantly and the maximum speed enforced by the control 
system which will actuate the vehicle brakes if necessary to protect the motor from over 
speeding. The efficiency of the transmission is considered as a fixed efficiency of 0.97.  
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5.6 Direct Hydrogen PEM Fuel Cell 
 
The fuel cell model used in this study is based on empirical data from a production model 
75kW (net power) direct hydrogen polymer exchange membrane fuel cell (PEMFC). Fully 
modelling the system would require a postgraduate level education in chemical engineering, 
so in order to abstract the system whilst retaining a sufficient level of accuracy and validity 
in the model a variety of look up tables are used to characterise the operation of the fuel 
cell system. These tables are based on empirical data derived from lab testing of the actual 
fuel cell system. 
 
The fuel cell system consists of three key components: 
1. PEMFC Stack 
2. Compressed H2 70MPa Storage Tank 
3. Reactant Management System & Air Compressor 
 
In the actual system varying the rate of flow of reactants into the cell changes the electrical 
output of the cell. Air is fed into the system by a turbo compressor and the hydrogen by an 
electrically controlled and actuated valve system. The main purpose of the model is to treat 
the fuel cell as a voltage source and calculate the fuel cell output voltage and hydrogen gas 
consumption rate for any given instantaneous current load. Unlike the power electronic 
systems in the simulation model, the response time of the fuel cell to a change in the flow 
of these reactants does not last less than one simulation cycle and so the model takes into 
account the transient response of the system. The losses in the fuel cell are also modelled 
so as to calculate the overall efficiency of the fuel cell stack system. 
  
From a current demand value, IFC[DEMAND], the model is used to calculate the following 
outputs: 
1. Gas Flow Rate mFC / H2 Fuel Consumption 
2. Output Voltage, VFC 
3. Output Current, IFC 
4. Net Electrical Output Power, PFC 
5. Gross Stack Power, PSTACK 
6. Efficiency, ηFC 
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Figure 5.10 shows how an overview of how the fuel cell system was implemented in 
MATLAB Simulink. 
 
 
Figure 5.10 - Fuel Cell System Model Overview 
 
5.6.1 Fuel Storage 
The fuel tank is modelled as an ideal representation of a 5kg 70MPa 4th generation carbon 
fibre composite compressed hydrogen tank [209, 210]. Although in reality these tanks are 
very complex systems in themselves and none have yet completely eliminated hydrogen 
wastage through leaking, the affects of gas leakage over time were not considered in the 
simulation, as the affect on fuel used is only detrimental when the vehicles performance is 
assessed over a period of days.  
 
5.6.2 Stack Losses & Stack IV Characteristic 
The relationship between the stack voltage and the current is not entirely linear. There are 
three dominant methods of loss in the fuel cell stack that affect cell potential under load, a) 
Activation losses, b) Ohmic losses and c) Mass transport losses. 
 
Activation losses occur because of the force required to initiate the reaction, forcing 
hydrogen to split on the catalyst, forcing protons through the membrane to combine with 
oxygen and cause electrons to flow in the external circuit. They account for the initial rapid 
drop in cell potential. Ohmic losses in a fuel cell are no different to Ohmic losses in any 
other electrical circuit and occur due to the resistance of the electrode plates in the cell, the 
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potential loss is proportional to the current density and as such the IV characteristic is 
linear during this area of operation. Mass transport losses occur when the reactant 
concentration at the reaction surface reduces due to the reactants being consumed faster 
than the fuel delivery system can supply them. The stack efficiency drops sharply at this 
point and cell temperature can also increase so the stack is not normally operated in this 
region. These three loss regions are highlighted in Figure 5.11.  
 
 
Figure 5.11 - Fuel Cell Stack Loss Regions 
 
Together these losses are represented in the model as parasitic losses within the fuel cell 
stack. For a given electrical output current the manufacturer measured this parasitic loss 
and the information was entered into a lookup table in the model. The sum of the output 
current and parasitic current represents is the total stack current for that operating point. 
The system current is the electrical output current supplied to the vehicle and its 
relationship to the stack voltage is shown in the systems IV characteristic graph in Figure 
5.12. 
 137 
 
Figure 5.12 - Fuel Cell System IV Characteristic 
 
5.6.3 Transient Response 
The response of a fuel cell to a step change in demand is inherently non-linear however 
due to the lack of available data or mathematical functions to describe the response, 
reproducing it analytically is impossible. In common with most similar studies the fuel cell 
transient response rate has been simulated as a linear response. Typically the time taken to 
change from 10% to 90% is around 1-2s [91, 211]. This was easily implemented using a 
rate of change limiting function and it transpired the net power output during the response 
using this approximation is not dramatically different to the actual responses described in 
the literature, the main difference is the shape of the response for VFC and IFC. Since the 
interest of this study was power, modelling the exact response of the fuel cell to transient 
demand was deemed unnecessary. 
 
The rate limiter block in Simulink is such that the limit of rate of change R, can be defined 
as: 
R = y(i) − y(i−1)
Δt  
Equation 5.23 - Fuel Cell Transient Response Limit Factor 
 
In this simulation the transient response to a step demand of 10% of rated current to 23A. 
90% of rated current (23A - 207A) is 2s and is shown in Figure 5.13. 
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Figure 5.13 - Fuel Cell System Output Current Step Response 
 
 
5.6.4 System Losses & Efficiency 
Figure 5.14 shows how the efficiency of the fuel cell system varies across the rated system 
output power range. 
 
Figure 5.14 - Fuel Cell System Efficiency 
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The dominant source of loss at the low end of the power range is the auxiliary load of the 
fuel cell system that maintain the operation of the fuel cell once it is started. The auxiliary 
load comprises a) turbo compressor, b) reactant humidification system, c) hydrogen flow 
control valve and d) fuel cell heating/cooling system. Together with the fuel cell stack and 
hydrogen tank these components make up the complete fuel cell system, sometimes 
referred to in the press and literature as the fuel cell engine and shown earlier in Figure 3.4. 
 
Current limitations in materials technology limit the lifespan of the fuel cell stack. One key 
limitation is the finite number of times the fuel cell stack can be started up and shut down. 
For current fuel cells this is in the order of 4000 start-up and shutdown cycles and so once 
the system has been started on a journey it must remain on. The stack cannot be shut 
down during the journey like an ICE can be turned on and off in a stop-start mild hybrid. 
The fuel cell stack also takes considerably longer to start than an ICE, typically around a 
minute though the exact time varies with ambient temperature e.g. in cold conditions the 
stack must be warmed before the fuel cell can be started to prevent damage to the 
membrane from frozen water vapour that was not completely purged from the stack at the 
end of the last operating period. 
 
The auxiliary load is therefore an additional parasitic load on the fuel cell system and 
present for the entire duration of operation and is modelled as such. The main source of 
loss within this auxiliary load is the air compressor [91, 193]. To provide the volume of air 
sufficient to sustain the reaction rate required ambient air must be pressurised and fed into 
the stack. This can be done with a blower or turbo compressor however as previously 
discussed using a turbo compressor results in a significantly higher power density in the 
cell. Most automotive fuel cell systems require the maximum possible power density for a 
given system volume and all employ turbo compressors to pressurise the air supply. 
 
Humidification is one of the key control processes in the fuel cell system. If the membrane 
is allowed to become too dry the reaction rate decreases and the cell internal resistance 
increases, decrease the efficiency of the reaction. Hot spots can also occur on the 
membrane that can ultimately cause it to break down and degenerate. If there is too much 
water in the cell it can block the gas channels and slow down the reaction, again decreasing 
the efficiency of the stack [212, 213]. The reactant humidification system therefore carries 
out three processes key to ensure the efficient and safe operation of the stack a) 
Humidification of the reactants to prevent the membranes drying out b) Heating of the 
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reactants to ensure the stack operates at an optimum temperature c) Removal of waste heat 
and water vapour from exhaust gases. 
 
The integration of the turbo compressor and humidifier into the reactant delivery system is 
shown below in Figure 5.15. The hydrogen control valve is presumed to be ideal and can 
deliver the exact flow rate of gas required in an ideal laminar flow upon demand. 
 
 
Figure 5.15 - Fuel Cell Reactant Delivery System 
 
Some studies model the turbo compressor loss as a fixed value, Ogburn et al, for instance 
measured a power loss to the system of 3.65kW at full load and to reduce the simulation 
complexity used this value for the entire range of stack loads[193]. The turbo compressor 
however requires careful consideration. The stoichiometric ratio of air to hydrogen is not 
constant throughout the full range of operation and therefore the amount of air the 
compressor supplies in the real system changes. Since the turbo compressor is the 
dominant source of loss in the fuel cell system auxiliary load ensuring that the losses 
associated with it are represented accurately is vital. Otherwise if a fixed value of full 
compressor load power is used the losses may be far higher or lower ay any given point 
than they are in reality, devaluing the fuel cell model and compromising the whole analysis. 
 
The power consumed by the turbo compressor can be related to the gas flow rate of the 
system, which in turn can be related to the system current demand. The power map of the 
auxiliary load related to system demand current was obtained from the manufacturer and 
the electrical power consumed by the auxiliary systems relative to the fuel cell output 
power is shown in Figure 5.16. The power at low loads is dominated by the very low 
efficiency of the turbo compressor at low mass flow rates [214]. 
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Figure 5.16 - Fuel Cell System Output Power vs. Auxillary Load Power Loss 
The final characteristic determined by the fuel cell model is the mass flow rate of oxygen 
and hydrogen in the cell. The rate of oxygen then determines the mass flow rate of air that 
the turbo compressor must supply to the stack. The manufacturer measured the mass flow 
rates across the full range of system demand currents (as shown in Figure 5.17) and a linear 
constant derived for each to relate the flow of gases to the system current: 
 
mHydrogen = KHydrogenIFC
mAir = KOxygenIFC( )100 21
 
Equation 5.24 - Reactant Mass Flow Rates 
 
Where: 
mHydrogen = Mass flow rate of hydrogen gas in kg/h 
mAir = Mass flow rate of atmospheric air in kg/h 
KHydrogen  = Hydrogen flow rate constant 
KOxygen = Oxygen flow rate constant 
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Figure 5.17 - Gas Mass Flow Rate vs System Current 
 
Using the hydrogen flow rate and the lower heating value of hydrogen it is possible to 
calculate the total power consumed by the hydrogen stack. The relationship of the stack 
efficiency to the overall fuel cell system efficiency can therefore be calculated. Figure 5.16 
showed how large a fraction of system power the auxiliary power demand was at low load. 
However the resulting efficiency penalty is more dramatically illustrated below in Figure 
5.18. 
 
 
Figure 5.18 - Stack vs. System Efficiency of PEMFC System 
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5.6.5 Fuel Cell System Assumptions & Limitations 
 
Several assumptions are made in the model of the fuel cell system: 
1. All gases behave ideally and are distributed uniformly through the whole fuel cell 
stack. 
2. No poisoning of the membranes by contaminated reactants occurs. 
3. The reactants and cell membranes are kept at a constant humidity by the 
humidification system that is represented by a constant electrical load on the 
system. 
4. Temperature variations across the stack are neglected and the temperature of the 
stack is constant at the value that the empirical data was measured at.  
5. The stack cooling system maintains the stack at this temperature throughout the 
simulation. 
6. Cold start of the fuel cell is not considered beyond ensuring the battery pack is 
designed and sufficiently rated so that it could power both the fuel cell system and 
the vehicle during this phase. 
7. The vehicle is freshly fuelled to 100% of the tank capacity at the start of each 
simulation. The effects of fuel leaking from the cylinder are not considered, as the 
leak rate during the period of any of the cycles is inconsequential [155]. 
8. No losses are incurred from purging the fuel system at the end of the simulation. 
The amount of hydrogen lost would depend on the volumetric capacity of the 
system, which isn’t known and in any case the amount lost is thought to be 
insignificant and would be the same for each driving cycle and each different 
topology so the validity of the relative performance comparison between the 
systems is not impacted. 
9. Oxygen constitutes 21% of atmospheric air. 
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5.7 Battery Pack 
 
The battery pack provides the vehicle with an energy storage system (ESS). The ESS has 
three functions in a H2FCHEV:  
 
1. Power the vehicle during start-up and shutdown of the fuel cell system. 
2. To capture and store energy recovered by regenerative braking. 
3. To meet the fuel cell output power shortfall relative to demand during transient 
periods of demand. 
 
The ESS also provides a backup power system in the event of the fuel cell system failing. 
With careful management and limitation on vehicle power even a battery pack designed 
largely for handling transient power peaks can provide a few km of all electric driving to 
get the vehicle and passengers to help and/or their destination. This can potentially be seen 
as an advantage over ICEVs and is used in marketing current PHEVs. 
 
5.7.1 Requirements & Sizing 
There are several criteria that dictate the sizing of the ESS. The most important are a) that 
it is sized so that it can provide sufficient power to operate the vehicle b) that its operation 
is transparent to the driver in c) it is rated such that its output voltage matches the fuel cell 
relatively closely and maintains efficient voltage ratios across the DC-DC converters and c) 
it is sufficiently small and light enough to package into the vehicle without adversely 
impacting on the vehicles performance. Given those criteria, the sizing was then largely 
dictated by the battery technology chosen. 
 
5.7.2 Battery Technology 
From the requirements it is clear that the battery pack had to be capable of meeting high 
transient power demands, potentially for sustained periods whilst the application also 
demanded the battery pack to be as low weight as possible, therefore a battery pack with a 
high power and energy density was needed. There were four possible battery technologies 
available to use in the battery pack. 
 
1. Lead Acid 
2. Nickel Cadmium (NiCd) 
 145 
3. Nickel Metal Hydride (NiMH) 
4. Lithium Ion 
 
Lead acid batteries have been used as the starting battery in internal combustion engine 
vehicles for decades and are also used to recapture energy in mild-hybrids. However they 
are very heavy and intolerant to deep discharging. The energy density is ~ 35Wh/kg. 
 
Nickel cadmium batteries have a higher energy density than lead acid and can be deep 
discharged. However they contain toxic materials and can develop a ‘memory effect’ after 
incomplete charge or discharge cycles that can effectively reduce the capacity of the battery 
whilst it is installed in a system. Given the likely usage of transient power demand followed 
by recharging during periods of surplus power and regenerative braking the memory effect 
makes NiCd impractical in this application. The energy density is ~ 50Wh/kg. 
 
Nickel metal hydride batteries have been used in many current and past electric vehicles. 
They are not susceptible to the memory effect that Nickel Cadmium batteries are and can 
withstand repeated incomplete charge and discharge cycles.  The energy density is 
70Wh/kg. 
 
Lithium batteries of varying compositions such as Lithium Ion, Lithium Iron, Lithium 
Cobalt, are a relatively new, high performance battery technology. They have double the 
energy density of NiMH but can provide very high output power levels for short periods of 
time. They operate across a wide temperature range from -20°C to 60°C and are capable of 
being recharged in a few hours [215]. They are the battery of choice in mobile devices such 
as laptops, cell phones and tablet computers. There are however several drawbacks to using 
Lithium batteries. The types of batteries used in EV applications are still a developing and 
new technology and are comparatively expensive compared to NiMH. The battery 
chemistry dictates careful and complex monitoring and control during operation to protect 
the cell. Due to the organic electrolyte used in the cell, if pushed beyond its safe operating 
limits the cell can explode, catch fire and leak toxic gas. The control used in the battery 
pack must a) ensure charge balance between cells in any battery pack b) ensure that high 
discharge rates are not sustained for long periods, c) that periods of high discharge are not 
repeated within a certain timeframe to allow the battery to maintain a safe thermal 
operating point, d) that the charge current is controlled to the manufacturers specification 
and e) the cell voltage is not allowed to drop below specified limits. The lifespan of 
Lithium ion cells is also currently not as long as other battery technologies but they can 
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provide an adequate operating life with careful management. The energy density of a 
typical lithium battery is 150Wh/kg. 
 
Although high cost and high complexity, the energy density of Lithium ion batteries makes 
them the obvious choice for use in the battery pack in this study. Since most of the 
problems belong to the physical implementation of the technology, a simulation using a 
Lithium ion based battery system would only be complicated by some extra control 
algorithm overheads to replicate these physical restraints. It also seems reasonable to 
assume that in due course as the applications for the technology become wider and the 
technology improves, that the cost and control complexity will decrease and the lifespan of 
the cells will increase. Already, the now widespread usage of Lithium ion batteries in 
portable computers and mobile phones has seen the price drop quite substantially in the 
past few years. 
 
5.7.3 Lithium Ion Cell Characteristics 
Kokam SLPB75106100 lithium ion polymer cells were chosen to construct the battery 
pack. The cell specifications are summarised below in Table 5.2 and the cell IV 
characteristic is illustrated in Figure 5.19 [124]. The C rate is an expression of the rate of 
discharge related to the 1-hour capacity of the battery. For example, discharging a battery 
rated 10Ah at a rate of 10A would be a discharge rate of 1C. Discharging at 50A would be 
5C. 
 
Characteristic Value 
Cell Voltage (Nominal) 3.7V 
Rated Capacity 8.0Ah 
1C Rate 7.5A 
Maximum Discharge Rate (Constant) 37.5A (5C) 
Maximum Discharge Rate (Pulse) 60A (8C)  
Charge Current & Voltage 8A @ 4.2V 
Cell Cut-off Voltage 2.7V 
Operating Temperature  
Charge: 0°C  - 45°C 
Discharge: -20°C  - 60°C 
Weight 150g 
Dimensions 
Length: 103mm 
Width: 107mm 
Thickness: 7.9mm 
Table 5.2 - Kokam SLPB75106100 Lithium Ion Polymer Cell Specification 
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Figure 5.19 - Kokam SLPB75106100 Cell IV Characteristic 
 
Kokam cells were chosen due to their established use in several electric and hybrid electric 
vehicles, relatively high capacity of the cells compared to the rest of the market but also 
significantly on the wide range of characteristic data available for their products. A123 
Systems, Panasonic, Saft, Altairnano and Yuasa all also manufacture lithium batteries for 
electric vehicles. Some manufacturer cells with equivalent specifications to the Kokam cells 
but none of those that do provided anything beyond basic specifications that were not 
sufficient to characterise the cells and generate the simulation model. Attempts to obtain 
the data from several of these manufacturers were unsuccessful. 
 
5.7.4 Battery Pack Design 
The sizing of the battery pack can be determined by two main factors, the size and the 
electrical output characteristics. During a large step change in the fuel cell system current, 
the battery pack could be expected to meet nearly 2/3 of the motors rated power (50kW) 
during the period whilst the fuel cell responds. Yet under sedate driving conditions where 
the transient demand rate does not exceed the fuel cells response rate the battery pack may 
be barely utilised at all and act as nothing more than a dead weight in the vehicle.  This 
poses a design problem but also reinforces the choice of lithium ion for the battery pack as 
it can provide the currently highest available energy density and also provide relatively large 
output power for short periods of time by burst discharging.  
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The DC-DC converters in the drive train are most efficient when operating at close input 
to output voltage ratios. The battery pack size in drive trains found in the literature was 
around 50kg, allowing 5% for mechanical and electronic overheads this left 45kg available 
for battery cells. At 150g per cell this allows for 300 battery cells. The most suitable 
configuration of the available cells was found to be 100 series sets of 3 cells in parallel.   
 
The overall battery pack design is illustrated in Figure 5.20. The charge balancers ensure an 
equal charge in each cell and the battery management system ensures the battery is 
operated within safe boundaries of operation.  
 
 
Figure 5.20 - Battery Pack Design 
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This configuration results in the battery system described below in Table 5.34. The VI 
characteristic of the completed battery system is shown in the rated capacity is quoted for 
the different C rates that the battery can support in continuous operation. Taking 0.5C as 
the nominal operating point for the system extends both battery lifespan and capacity.  
 
Characteristic Value 
Number of Cells 300 
Cell Weight 45kg 
Voltage, Nominal 
Voltage, Maximum 
Voltage, Minimum 
370V 
420V 
270V 
Rated Capacity, 0.5C 
Rated Capacity, 1.0C 
Rated Capacity, 5.0C 
11.25Ah1 
22.50Ah 
112.50Ah 
Power, Rated2 
Power, Nominal Discharge 
Power, Peak Power 
4.2kWh 
4.2kW 
48.6kW 
Discharge Rate, Continuous (5C) 
Discharge Rate, Peak (8C) 
112.5A 
180.0A 
Dimensions (l x w x d) 
Volume 
350mm x 1000mm x 150mm 
0.05m3 
Total System Weight 50kg 
Table 5.3 - Battery System Specification 
 
Figure 5.21 - Battery System VI Characteristic 
                                                
1 Although cells are rated at 8Ah, discharge rates calculated at 7.5Ah which is maximum current obtainable before cut off 
voltage is reached under high load. 
2 Nominal power is based on cell discharge rate of 0.5C 
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In some respects the battery pack may seem oversized. The fuel cell response time of 2s is 
five times smaller than the maximum burst duration of the battery cells. It is important to 
note though that the capacity of the battery is quoted as the total stored energy but as with 
all lithium battery based systems, the battery pack is only used in a small window of 
operation to protect the battery and extend its lifespan. In this study the state of charge of 
the battery is maintained between 60% and 80% at all times. Subject to repeated step 
changes in power demand the battery could be forced to operate outside of this safe region 
if sized incorrectly. 
 
5.7.5 Model Operation 
Simplistically, the MATLAB Simulink model of the battery pack takes a current demand 
and produces a system current and voltage output magnitude, efficiency and state of charge 
value. The pack also takes account of negative input demands as charging currents from 
the fuel cell or regenerative braking, though regenerative braking is not implemented in the 
vehicle model. When the battery is tied to the DC bus directly, the fuel cell DC-DC 
converter is used to charge the battery to ensure it is charged at the correct voltage. Were 
regenerative braking to be included, a further DC-DC converter would be needed to 
ensure a regulated charge. 
 
The model has a battery management system (BMS) integrated into it by way of a 
MATLAB Simulink S Function. The S function controls the demand current to protect the 
battery from unsafe operating conditions. The system current and voltage can be described 
thus: 
 
IBATT = f IDEMAND
ICELL =
IBATT
3
VBATT = f ICELL
ICELL
I1C
. NCELLS3
!
"
#
$
%
&
PBATT =VBATT IBATT
 
Equation 5.25 - Battery System Characterisation 
 
Where: 
NCELLS = Number of battery cells in pack (300) 
I1C  = 1C Discharge Current (7.5A) 
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ICELL  = Current flowing in each battery cell 
 
The non-linear functions f IDEMAND  and ICELL
ICELL
I1C
represent a) the BMS and b) lookup 
table that relates cell current to cell voltage respectively. The BMS takes the current 
demand from the overall vehicle controller and regulates the output of the battery, it also 
manages the charging of the battery, its operation is summarised in Figure 5.22.  
 
 
 
Figure 5.22 – Battery Management System 
 
Each period of pulse discharge must be followed by a period of rest to allow the battery to 
cool. The maximum length of pulse discharge is 10s and a proportional rest period of up to 
20s is enforced between all pulse discharges by the burst limiter [216, 217]. During this 
period the maximum current any cell can deliver is 0.5C. 
 
Once the battery current is calculated, dividing it by three yields the individual cell current. 
A two-dimensional lookup table takes this current and the C ratio at that instant and puts 
the values into a lookup table. The lookup table generates the cell voltage, multiplying this 
by the number of battery strings in series gives the battery system voltage. 
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The internal losses are calculated based on the manufacturers data for the internal 
resistance of each cell, the cell voltage and the current drawn. The efficiency of the battery 
is then calculated. Figure 5.23 shows the schema of the MATLAB Simulink model for the 
battery pack. 
 
 
Figure 5.23 - MATLAB Simulink Battery Model Subsystem 
 
5.7.6 State of Charge Calculation 
The state of charge of a battery is an indicator of how much charge the battery has left and 
serves the same purpose as a fuel gauge for the hydrogen tank. It is typically quoted, as a 
value between 0 & 1 or 0% & 100% where 0 is empty and 1 is full. To calculate the current 
SOC, the amount of charge used during a simulation step is calculated and then subtracted 
from the state of charge at the previous simulation step [150]. 
 
SOC[t ] = SOC[t−1] −
PBATT .Δt
3600.PFULL
 
Equation 5.26 - SOC Calculation 
 
Where:  
SOC[t−1]  = SOC at previous simulation step 
PFULL  = Full charge power of battery pack 
PBATT  = Power consumed during simulation step 
tΔ  = Simulation step length 
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This characterisation of SOC is however only truly valid for a constant discharge rate. 
When the cell is discharged at a variable rate, the batteries nominal capacity must be 
adjusted as if it were to be discharged at a high rate for long periods, the batteries capacity 
will be less than quoted by the manufacturer. Peukert’s law expresses the capacity of a 
battery in relation to the rate of discharge. It does not sufficiently describe the remaining 
capacity of lithium ion batteries, as it does not take into account the temperature of the cell 
which influences the remaining capacity [218]. However since this study assumes that the 
battery is held at constant temperature Peukert’s law was used to improve the accuracy of 
the SOC calculation as follows: 
 
CACTUAL =CRATED
CRATED
IAVGH
!
"
#
$
%
&
KPC−1
 
Equation 5.27 - Peukert Battery Capacity Calculation 
Where: 
  CACTUAL  = Actual capacity (Ah)  
  CRATED = Rated capacity (Ah) 
H = Time capacity rated over (hours) 
IAVG = Average Discharge Current (A) 
KPC = Peukert Constant (1.02) 
 
The SOC calculation can now be expressed as: 
 
SOC[t ] = SOC[t−1] −
PBATTΔt
3600H (CACTUAL.VNOMINAL )
 
Equation 5.28 - Peukert Modified SOC Calculation 
 
To ensure prolonged battery life and prevent thermal problems the SOC is maintained 
between 0.6 and 0.8 at all times [53, 54, 134, 219]. It can never exceed 0.8 though if 
transient power demand is necessary and the SOC is at 0.6 the system controller will allow 
it to drop further to 0.4. 
 
To ensure efficient charging of the battery the fuel cell will only recharge it when its 
operating efficiency exceeds 51%. The total fuel cell output power range for this efficiency 
is 12kW – 40kW. This rule can be breached if the SOC reaches 0.4. If this occurs the 
controller will then regardless of the fuel cell operating point start to recharge the battery.  
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5.7.7 Internal Losses 
Providing the simulation time step is small enough (<10ms), the losses in the battery cells 
can be considered to be purely Ohmic and calculated from the data provided by the 
manufacturer.  
PLOSS = NCELLS ICELL2 RINT( )  
Equation 5.29 - Battery Losses 
Where: 
NCELLS =Number of cells in battery system 
RINT = Internal resistance of battery cell 
 
5.7.8 Battery Pack Safety 
The safety of lithium batteries has been brought sharply into focus recently by the widely 
reported problems on the Boeing 787 ‘Dreamliner’. In 2007, Toyota came to the 
conclusion that lithium battery technology was not ready for market and it wasn’t until 
2012 that they first deployed lithium batteries in the Prius PHEV. In 2011 a Chevrolet Volt 
EV burst into flames while parked. Fires in laptops and mobile phones using lithium 
batteries have occurred with regularity since they were first introduced to the market 
around the turn of the century. A shipment of lithium batteries being carried by a UPS 
Airlines 747 cargo flight was also held responsible for causing the plane to crash and killing 
both its crew when the batteries caught fire and could not be extinguished with the fire 
fighting equipment available on board.  
 
The high energy density of lithium batteries means there is much more stored energy in the 
battery and unlike other battery technologies, lithium batteries use a solid electrolyte that is 
typically bound with a highly inflammable solvent. If a cell exceeds thermal limitations due 
to over discharge this solvent can vaporise and ignite, the resulting fire can burn at 2,000°F 
and the gas is toxic. The degeneration of one cell in a pack will tend to spread to the cells 
surrounding it and the entire pack can thermally runaway creating a significant fire and the 
rapid release of stored energy. 
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Figure 5.24 – Boeing 787 APU Lithium Ion Battery 
 
 
Figure 5.25 - Failed Boeing 787 APU Lithium Ion Battery 
 
Similarly to hydrogen, public perception of the safety of the battery pack in a H2FCEV will 
play a large part in market acceptance of the vehicles. Images such as Figure 5.24 and 
Figure 5.25 can’t be ignored and although this study is simulation based, due consideration 
was given to including the appropriate aspects of protection systems that are designed to 
prevent thermal runaway of lithium ion batteries in the simulation. 
 
The main three safety precautions are a) control of relative charge between each cell, b) 
control of the charge and c) control of discharge of the battery. Control these aspects 
within certain parameters and thermal management of the battery can be achieved. If the 
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battery is thermally controlled, cell expansion and ultimate degeneration of the electrolyte 
can be prevented.  
 
Balancing the charge between each cell is necessary because lithium ion batteries, unlike 
NiMh, NiCd and Lead Acid batteries have no natural charge balancing. If unmonitored, 
cells in a parallel string can have differing states of charge that over time will deviate from 
each other. If the state of charge of one of these batteries is such that its cell voltage is 
below the cut-off voltage, its temperature can start to rise when it is forced to operate 
below the cut-off voltage because the cells around it give the appearance that the parallel 
string of batteries has sufficient state of charge to operate safely [220, 221].  There are 
various methods for balancing the charge between lithium ion batteries and the operation 
of the charge balancing circuit within this study is assumed to maintain a constant charge 
amongst all cells in the pack and is not directly simulated. Typical methods of balancing are 
discussed in detail in [220, 222, 223]. 
 
Management of the charge and discharge voltage is also of critical importance. The 
potential required to breakdown the electrolyte is, alarmingly, within a few tenths of a volt 
of the maximum cell voltage [220]. Ensuring a correct charge voltage is achieved with 
control of the DC-DC converter that interfaces the battery to the DC bus, or in cases 
where the battery is directly connected to the DC bus, the fuel cell DC-DC converter 
regulates its output to the required voltage. In topologies where the battery is connected to 
the fuel cell directly, charging is via a small fixed DC-DC converter. To prevent operation 
below the cut off voltage, the battery is isolated from the system if the terminal voltage 
drops below the cut off voltage though the state of charge management should prevent this 
from ever being necessary. 
 
5.7.9 Battery Pack Model Assumptions & Limitations 
1. Effects such as transfer reactions and chemical diffusion are be ignored, the small 
simulation step size means all losses are considered to be purely Ohmic. 
2. Each cell is electrically, chemically and physically identical 
3. Thermal degeneration of the battery cells from manufacturing contamination with 
metal that causes internal short circuits is ignored. It is presumed all cells have been 
manufactured correctly and will perform as specified. 
4. Cell balancing operation is assumed to be a background operation that occurs 
during periods of zero load. 
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5. The affect of aging on the battery cells is ignored. The physical and chemical 
properties are assumed constant throughout all simulations. 
6. Charge balancing is assumed to operate on an equal number of over charged and 
undercharged cells. The charge in the overcharged cells is redistributed to the 
undercharged cells with a sufficient net balance to power the charge balancing 
circuitry. 
7. Temperature rises due to I2R losses in the battery are cooled by the battery cooling 
system and the battery is maintained at a constant safe operating temperature. The 
cooling system acts on all cells equally. 
 
5.7.10 Battery Pack Notes 
During the course of this study the battery was changed due to a newer model being 
available that was both more efficient and had more data available to improve the accuracy 
of the simulation model. The previous cell, the Kokam DL6750140SP, had a rated capacity 
of 4Ah and a rated lifespan of 600 cycles. The rated continuous discharge rate was 1C and 
pulse discharge rate was 10C. Using the newer cell, the Kokam SLPB75106100 [124], rated 
at 8Ah and 1600 cycles, the number of cells in the battery pack could be reduced by 25% 
whilst increasing the peak and continuous output power. This allowed the battery to be 
operated at lower duty ratios, increasing the cell voltage under load and increasing battery 
capacity for the same battery pack weight. It was also more representative of contemporary 
battery packs. 
 
5.7.11 BEV Simulation Model 
The BEV model used in Topology J, uses the same basic battery pack design and model 
but instead of 3 cells in parallel, it uses 13. This gives a battery with a nominal rated power 
of 36kWh, similar to existing EV battery packs. 
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5.8 DC-DC Converters 
 
Power converters are perhaps the most challenging aspects of electrical engineering in any 
all-electric vehicle drive train. Whilst fuel cells are still relatively nascent, they have now had 
many years of sustained development. It is true that technology behind DC-DC power 
converters is far more established and applied in many more fields and everyday 
commodity goods than fuel cells are. But the practice of designing and creating the high 
power converters for H2FCEVs is still relatively new [224-226]. 
 
The DC-DC power converter is necessary to interface the different power sources and 
sinks in the drive train, all of which have unmatched impedances, VI characteristics and 
safe operating boundaries and need de-coupling from each other to enable full control of 
the drive train [227]. As discussed previously boosting the voltage of the DC-DC bus also 
increases the maximum available motor torque and therefore being able to control the DC-
DC bus voltage has performance benefits. 
 
The electrical system in ICEVs is still predominantly 12V negative earth with a lead-acid 
battery and mechanically driven alternator generating DC current. Though some vehicles 
are moving to 48V in search of higher efficiency. There is little electrical power technology 
that is transferrable from current production vehicles to the H2FCEV. HEV and PHEV 
share more in common, with the Prius being the only real established vehicle but with the 
design of its drive train still a closely guarded secret there is little information about how 
much commonality there will be between them. 
 
Looking at the areas where high power electrical drives are currently used to provide 
motive power highlights the key difficulty with applying the technology in a vehicle. The 
London Underground runs at around 600V DC, but has the luxury of large areas of space 
between the bogeys of the train carriages to install power converters, spaces that are also 
conveniently cooled by the airflow around the train when it is moving. The fuel cell 
passenger bus schemes that have successfully been trialled in several countries had large 
buses with power converters installed on the large available roof space, again well sited to 
utilise free air-cooling. Whilst the efficiency of the converter is a key parameter in any 
application, existing large power DC-DC converters and DC-AC motor drives are typically 
found in large installed or mobile industrial applications where size, weight and to some 
extent cost are not the primary concerns. In the H2FCEV a power converter needs to be 
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small, highly efficient, thermally stable, lightweight and as cost effective as possible. The 
ripple current drawn from the fuel cell or battery also needs to be low to minimise transient 
losses. It also needs to be quieter in operation. The high-pitched whine of a power 
converter during a short journey on a rapid transit system is acceptable and probably 
beyond the perception and concern of most passengers, people have never known the 
system without the associated noise. Modern cars, especially at the premium end of the 
market are remarkably quite. With the engine and transmission sat behind metal, a firewall 
and significant amounts of plastic and acoustic insulation drivers and passengers have 
become accustomed to vehicle interiors that are relatively comfortable environments. To 
aid adoption electric vehicles will by necessity have to spread the components around the 
vehicle and the power converters must be designed so that switching noise, noise due to 
harmonic distortion and heat losses are minimised. 
 
Existing non-automotive fuel cell systems have all had relatively low voltage power buses 
that matched the output of the stack, for instance 28VDC on the Space Shuttle and Apollo 
spacecraft and large installed residential fuel cell generators use a DC-AC grid connected 
inverter to interface with the normal electricity supply.  
 
The EV and HEV sector requirement for high power, lightweight, compact, liquid cooled, 
cost effective and efficient power converters is unique and in large part only possible due 
to the rapid developments in high power semi-conductors and microprocessor based 
digital control algorithms. There are several research active threads on the best type of 
converter to use in the EV application and no real consensus yet on the best approach. The 
choice of converter topology used in this study is based on reviews of existing research and 
once again, the availability of data. 
 
5.8.1 DC-DC Power Converter Topology 
In its most simplified form, a DC-DC converter takes an unregulated or regulated input 
voltage and converts it to a regulated output voltage of differing magnitude. The converters 
are constructed of several key components, switching devices, diodes, inductors, 
transformers and capacitors. The input and output of converters can be none-isolated or 
isolated by using a transformer in the circuit though this increases the size, cost and control 
complexity of the converter. There are none-isolated DC-DC converters designed to 
reduce the voltage (Buck), increase the voltage (Boost) or both (Buck-Boost, Cuk) in one 
(uni-directional) or both directions (bi-directional). Isolated converters used a high-
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frequency transformer to de-couple the input of the converter from the output. Half-
bridge, push-pull, forward and fly-back isolated converters can all be used as bi-directional 
converters. In none isolated converters the maximum ratio of input to output voltage is 
around 4:1. In isolated converters the transformer allows very high voltage ratios to be 
achieved [228].  
 
There are two main methods of controlling DC-DC converters: 
1. Hard switched converters. 
2. Soft switched converters.  
 
Hard switching involves turning the switching devices on and off at moderate frequency 
(10kHz - 100kHz) whilst the circuit is carrying current. The high voltage (dV/dt) and 
current (di/dt) transients cause stress on the switching devices and additional losses beyond 
the on-state conduction and gate charge losses. EMI is also high and wiring and printed 
circuit boards must be carefully designed to avoid any stray capacitance and/or inductance 
causing further losses.  
 
Soft switching switches the converter at instants where the current or voltage is zero. Zero 
voltage switching (ZVS) or zero current switching (ZCS). Soft switching allows the 
converter to operate at much higher frequencies (100kHz – 1MHz). Operating at higher 
frequency is attractive as it reduces the size, cost and weight of the inductive and capacitive 
components. Smaller inductors result in lower iron losses in the inductor core and lower 
I2R conduction losses through the inductor. ZVS or ZCS also reduces the dV/dt or dI/dt 
losses but as the switching frequency increases the conduction losses increase so there is a 
balance to be found. Accurately controlling and producing a stable output with soft 
switching is also more challenging than with hard switching. 
 
At the power levels required 80kW peak the range of switching devices that can be used is 
generally limited to IGBT devices. Power MOSFET transistors do not exist with 
sufficiently high enough current and voltage ratings to match the capability of IGBT 
devices though if the voltage level is low enough multiple MOSFET devices can be 
connected in parallel to achieve the required rating. IGBTs have an upper switching 
frequency limit of around 100kHz but are usually operated around 25kHz [229]. Hard 
switching losses and transients can be mitigated with the use of active clamping and 
snubber circuits [230, 231] and typically the difference in efficiency between hard switched 
and soft-switched converters is around 1-2% [226]. 
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5.8.2 DC-DC Power Converter Design 
The type and design of the DC-DC power converters used in this study was dictated by the 
power sources and the requirements of fitting the power converter into the vehicle chassis. 
The maximum difference between the voltages in the system is around 2:1, well within the 
limits for none isolated converters. The maximum DC bus voltage, VDC BUS , is 400V and 
the maximum system current, IMAX, is around 290A, these parameters dictate the use of 
IGBT switching devices. The topologies chosen were none-isolated half-bridge and full 
bridge, uni and bi-directional Buck-Boost hard-switched converters shown in Figure 5.27 
and Figure 5.27 [232].  
 
The simulation models for both were developed using characterisation data detailed by 
Hauer et al. in [110, 125, 126, 204], this was by far the most detailed dataset available in the 
literature and no manufacturers responded to requests for data about commercially 
available systems. A traditional two-switch Buck-Boost converter could be used but has the 
drawback that when V2 is the input and V1 is the output the voltage is negative with respect 
to ground. Using a four switch full bridge enables the voltage to be positive regardless of 
which side is the input 
 
 
Figure 5.26 - Uni-Directional DC-DC Converter 
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Figure 5.27 - Bi-Directional DC-DC Converter 
One issue highlighted in some studies regarding none-isolated DC-DC converters is safety. 
They cite that the transformer decouples the input from the output and offers a degree of 
protection in the event of component failure whereas the none-isolated converter provides 
none. Given the additional losses, devices, cost and weight associated with the extra 
switching devices and transformer of an isolated component there is a much simpler 
solution to achieve an equal or better degree of protection. To control the DC-DC 
converters and the DC-AC inverter drive of the motor, current-sensing devices will be 
connected to microprocessors. Detecting fault currents and short circuits and then using 
control signals to open relays or activate crowbar circuitry to blow fuses and isolate the 
power sources is a much simpler solution all round. There are very minimal losses 
associated with both approaches and they achieve complete electrical isolation, not just the 
galvanic isolation offered by a transformer. 
 
5.8.3 DC-DC Power Converter Model Construction 
As previously highlighted, MATLAB Simulink does not have the ability to accurately 
model the discrete operation of the DC-DC converters, nor was any information able to 
accurately describe the power converters mathematically and allow an analytical approach 
to simulation. Given the scale of the complete vehicle model there were concerns regarding 
the availability of computational resources that may in any event have made analytical 
simulation impossible. Using the data from Hauer et al [204], models of the converters 
were constructed using the empirical data to create a two dimensional look up table to 
determine efficiency of the DC-DC converter for a given operating point through different 
ratios of VIN to VOUT. 
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V1 V2
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Knowing the input voltage, output voltage and current flowing into the converter, the 
efficiency is determined from the lookup table and the power output, power loss and 
output current calculated. 
ηDC−DC = f
VOUT
VIN
,PDC−DC
"
#
$
%
&
'  
Equation 5.30 - DC-DC Converter Efficiency Calculation
  
Having calculated the efficiency of the converter for a given operating point, calculating its 
output power is performed with simple arithmetic. 
POUT =ηDC−DC VIN IIN( )  
Equation 5.31 - DC-DC Converter Power Output
  
A high level overview of the simulation model is shown in Figure 5.28 and visualisations of 
the datasets used for the look-up table are shown in Figure 5.29 for the unidirectional 
converter and Figure 5.30 for the bidirectional converter. 
 
 
 
Figure 5.28 - DC-DC Converter Simulation Model 
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Figure 5.29 - 80kW Uni-Directional DC-DC Converter Efficiency Map 
 
 
Figure 5.30 - 50kW Bi-Directional DC-DC Converter Efficiency Map 
 
5.8.4 DC-DC Power Converter Model Assumptions 
Several assumptions and implications are made about the DC-DC converter system during 
simulation. 
1. The converter temperature is constant and within safe operating margins. 
o Transient effects of temperature on converter efficiency are ignored. 
o The switching devices are operating at their optimal temperature point. 
o The cooling system maintains this temperature. 
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o Cold start conditions are ignored.  
2. The safety isolation circuit has zero loss during normal operation. 
3. Cooling and control overhead are defined as a fixed electrical load. 
4. The control system will prevent overload conditions at all times and restrict the 
output to 100% of the rated power if such an output is demanded by the control 
inputs. 
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5.9 Driving Cycles 
In order to test the simulation models in multiple different modes of driving, a range of 
driving cycles were used. Standard cycles for urban, combined urban and extra-
urban/highway and extra-urban/highway driving were used from the three main 
automotive markets in the world, the United States, Europe and Japan. The cycles were fed 
into the simulation models as time-speed data sets and used by the driver simulation 
subsystem to generate the brake and acceleration demand signals fed to the motor and 
brakes. 
 
5.9.1 Driving Cycle Summary 
Broadly speaking the driving cycles fall into two categories, simple stylised speed time 
modal profiles of differing journey types and speed time profiles based on real world 
driving conditions. The table below gives a summary of the driving cycles used in the 
simulation and graphs of speed versus time for each of the cycles are shown over the 
following pages in Figure 5.31 - Figure 5.45. 
  
Driving Cycle 
Length  
(s) 
Distance  
(km) 
Avg 
Speed 
(km/h) 
Max 
Speed 
(km/h) 
Max 
Accel. 
(m/s2) 
Type 
US06 Cycle 600 12.81 76.75  128.48 3.73 Aggressive 
New European Driving Cycle (NEDC) 1180 10.93 33.35  120.00 1.06 Combined 
Elementary Urban Cycle (ECE) 195 0.99 18.26  50.00 0.89 Urban 
Extra Urban Driving Cycle (EUDC) 400 6.95 62.44 120.00 0.83 Extra-Urban 
Japanese 10-15 Mode Cycle 892 6.34 25.58 70.00 0.81 Combined 
Japanese 10 Mode Cycle 135 0.66 17.57 40.00 0.81 Urban 
Japanese 15 Mode Cycle 231 2.17 33.74 70.00 0.78 Extra Urban 
US Highway Cycle 765 16.41 77.13  95.84 1.42 Highway 
New York City Cycle 598 2.67 11.34 44.32 2.67 Urban 
Hyzem Urban Cycle 559 3.47 57.20 22.31 2.19 Urban 
Hyzem Road  Cycle 842 11.22 47.93 47.93 2.42 Extra Urban 
Hyzem Motorway Cycle 1803 46.20 92.20 138.10 3.19 Highway 
Hyzem Combined Cycle 3206 60.90 68.36 138.10 3.19 Real-world 
AMS Cycle 4913 71.02 53.60 99.90 6.44 Real-world 
Urban Dynamometer Driving Schedule 1369 7.45 19.58 56.70 0.92 Urban 
US Federal Test Procedure (FTP-75) 1874 17.67 33.92 90.72 1.47 Combined 
Artemis Urban 993 4.87 17.64 57.70 2.86 Urban 
Artemis Road 1082 17.27 57.42 111.60 2.36 Extra Urban 
Artemis Highway 1082 29.55 99.50 150.40 1.92 Highway 
Table 5.4 - Driving Cycle Summary 
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Figure 5.31- US06 Driving Cycle 
 
Figure 5.32 - NEDC Driving Cycle 
 
Figure 5.33 - ECE-15 Driving Cycle 
 
Figure 5.34 - EUDC Driving Cycle 
 
Figure 5.35 - J10-15 Mode Driving Cycle 
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Figure 5.36 - J10 Mode Driving Cycle 
 
Figure 5.37 - J15 Mode Driving Cycle 
 
Figure 5.38 - US Highway Cycle 
 
Figure 5.39 - NYCC Driving Cycle 
 
Figure 5.40 - Artemis Urban Driving Cycle 
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Figure 5.41 - Artemis Road Driving Cycle 
 
 
Figure 5.42 - Hyzem Motorway Driving Cycle 
 
Figure 5.43 - AMS Driving Cycle 
 
Figure 5.44 - UDDS Driving Cycle 
 
Figure 5.45 - US FTP-75 Driving Cycle 
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5.9.2 Driving Cycle Classification 
From the graphs shown above the stark difference between the real world and simple 
stylised modal cycles is obvious. The stylised cycles are not representative of real world 
driving but they are used in legislative tests and are the basis of fuel economy figures 
quoted by manufacturers of production ICEV and HEV and it is therefore necessary to 
use them in the simulations to draw direct comparisons between the H2FCEV drive trains 
in this study and existing production vehicles. 
 
The published legislative cycles originate from three distinct geographic areas, Europe [233, 
234], America [235] and Japan [233]. For each of these areas this study has used cycles 
representing urban, extra-urban/rural and motorway driving. The European and Japanese 
cycles for these modes of driving are modal stylised cycles whereas the American cycles 
incorporate transient features are more representative of real world driving conditions [234, 
236]. The American test procedures also incorporate an additional aggressive motorway 
cycle that has no direct peer in the European and Japanese test cycle sets. Concerns have 
been expressed that the current European cycles are deficient because they do not 
represent real world driving and the efficiency and emissions data they are used to generate 
could be misleadingly positive as a result. In response to these concerns research projects 
have aimed to develop more realistic cycles. The result of one such research project is the 
MODEM Hyzem set of driving cycles that are a statistical representation of real world 
driving and were specifically developed for testing HEVs using extensive empirical data 
from actual journeys [234].   
 
5.9.3 Driving Cycle Assessment 
One potential pitfall of driving cycle analysis alone, especially with modal cycles, is that 
they don’t test all the potential real world operating points of a drive train system and in 
missing these points critical set points are not evaluated and the results. It was essential to 
ensure that the collective set of test cycles would test a broad range of operating points. 
Consideration of the number of variations in speed time profile alone was not sufficient, 
the acceleration at each point in the driving cycle also needed to be taken into account to 
properly account for the power required by the drive train at each speed/torque operating 
point. The variation in operating points from a selection of cycles was visualised with two 
methods. The first used simple 2D scatter plots to show the operating points. A selection 
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of these that serve to illustrate the stark differences between modal and transient/real 
world based cycles are shown below in Figure 5.46 - Figure 5.49. 
 
 
Figure 5.46 - J10 Driving Cycle Setpoint Scatter Plot 
 
Figure 5.47 - NEDC Driving Cycle Setpoint Scatter Plot 
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Figure 5.48 - NYCC Driving Cycle Setpoint Scatter Plot 
 
 
Figure 5.49 - Hyzem Urban Driving Cycle Setpoint Scatter Plot 
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of operating points in the 2D plots and 3D plots where there are substantially more peaks 
of significantly lower frequency.  
 
The range of driving cycles selected for this study represents both the necessary modal 
cycles to ensure the results of the simulation can be compared to existing benchmarks and 
transient real world cycles to adequately test all the possible operating points of the drive 
train as possible. Some authors such as Schaltz & Rasmussen, recorded there own real 
world cycles with data loggers [227] and there are some important questions to be asked 
regarding the suitability of modal cycles for the realistic testing for all types of vehicle but 
their current use for benchmarking production vehicles and the need to draw comparisons 
with them makes their use mandatory and the point mute. 
 
 
Figure 5.50 - J10 Driving Cycle Frequency Distribution Plot 
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Figure 5.51 - NEDC Driving Cycle Frequency Distribution Plot 
 
 
Figure 5.52 - Hyzem Urban Driving Cycle Frequency Distribution Plot 
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Figure 5.53 - NYCC Driving Cycle Frequency Distribution Plot 
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5.10 Simulation Operation & Control 
 
The interconnection and overall control of the complete vehicle simulation model was 
relatively straightforward and aided by the common I/O parameters of the separate 
components. To aid comprehension, it is best described in two levels of abstraction. The 
highest-level model of the simulation operation is shown in Figure 5.54. The simulation 
creates a speed demand from a driving cycle and then compares it to the current vehicle 
speed. A PID controller takes the error signal and acts on the vehicle to equalise the actual 
and demanded speeds. 
 
 
Figure 5.54 - High Level Simulation System Abstraction 
 
Each component within the vehicle model has its characteristics and parameters 
determined at each simulation step. A positive speed error results in the motor accelerating 
the vehicle, drawing current from the fuel cell and battery system. A negative speed error 
causes the vehicle to engage its braking system and decelerate the vehicle. 
 
Breaking down into the more detailed view of the model Figure 5.55 shows the 
arrangement of the different modules and the various signal flows in the model. The 
overall operation can be summarised in five steps: 
 
1. The speed error is calculated and a torque demand signal is produced. 
2. The torque demand signal is passed to the motor model. It calculates the power 
required. 
3. The power demand is passed to the fuel cell. It calculates the actual fuel cell output 
and requests additional power from the battery if it cannot meet demand. 
4. The total power on the DC bus is summed and passed to the motor model which 
calculates the actual output torque. 
5. The vehicle dynamics model calculates the acceleration, speed and distance 
travelled. 
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Figure 5.55 - Detailed Vehicle Simulation System Overview 
 
5.10.1 Forward Looking vs. Backward Looking Operation 
Simulation methodologies are generally grouped into two categories, 1) forward-looking 
and 2) backward-looking. The forward approach takes an input signal, in this case the 
driver accelerating or braking, and calculates the dynamic effect of the input through the 
model to calculate the simulation output values. The backwards approach takes a pre-
determined fixed output, the vehicle velocity, and statically calculates what the input states 
within the model need to be to achieve that output. 
 
Both approaches have merit but to properly represent dynamic effects within a system the 
forward-looking approach has to be used [126, 140, 188]. The forward-looking method 
also allows the development of a system that can subsequently be easily transferred to 
hardware testing as every aspect of the real system is simulated. The backwards method 
does not represent the driver and is not easily reproduced in a hardware test system. 
 
There is however a penalty to the forward approach, it is computationally far more 
intensive [188]. Placing a PID control loop around the entire system proved to be very 
difficult to stabilise and the simulation runtime was initially in the order of 72s of 
computation for every 1s of input data. The traditional approach to stabilisation would be 
to analytically describe the system and solve the system equation. This was not possible, as 
large pieces of the simulation have been characterised with empirical data. Though the 
transfer function of the vehicle dynamics could have been derived, it alone would have 
been useless as the transfer functions for the fuel cell system, motor and battery are 
unknown and not derivable from the available data. To solve this problem, the simulation 
model was developed using a combination of forward looking and backward looking 
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methods. Similar approaches to designing the simulation were commonly seen in the 
literature and described as a quasi-static model [142, 188, 193, 237].  
 
The outer loop between the driver acceleration/braking input and the vehicle speed is 
forward looking. The point at which the model deviates is in the motor drive model, which 
is a forward looking and backward looking model in one. The driver demand signals drive 
the backward looking element of the motor. It calculates the power required to achieve the 
given demand. 
 
This power demand is then fed to the main vehicle controller. It requests the power level 
from the fuel cell, another quasi-static model. Any difference between the demand and 
actual output is passed to the battery system. The output of these two systems is summed 
together and then passed back to the motor drive block and put through the forward 
motor model that generates an actual torque for the power being supplied to the motor. 
This allows the simulation model to accurately simulate situations where the demanded 
power exceeds the output capability and/or transient response capacity of the power 
sources. 
 
The motor output torque is passed to the vehicle dynamics model that then calculates the 
actual vehicle output speed which is passed back to the driver block ready for the 
simulation loop to repeat itself. This approach speeds up the computation and stability of 
the simulation model significantly with no discernible difference in the accuracy of the 
output. The vehicle still follows the driving cycle accurately with no deviation. The 
effective simulation signal flow is shown below in Figure 5.56. 
 
 
Figure 5.56 - Quasi-Static Simulation Methodology 
  
The control loop was at first designed by construction a PID control from discrete 
elements in MATLABSimulink. No derivative term was used and the PI controller was 
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pre-defined function has an auto-tune feature which allowed automatic refinement of the 
control parameters. 
 
5.10.2 Hybridisation & Power Split Control 
How to control the power sources in an electric drive train and the relative size of the ESS 
to the fuel cell are the subject of many studies as topics in there own right alongside 
considering the implications as part of a simulation system design [134, 145, 155, 188, 198, 
237, 238]. In this study, the ESS was designed to match the electrical requirements of the 
system with a rated capacity of 4.5kWh, it is of comparable size to ESS seen in other 
studies. The question of whether it is ideally sized is perhaps an important one for further 
study, the fact it was constant across all the topologies is the primary consideration in this 
study. The hybridisation ratio,  XHYBRID , of a drive train is defined as [239]: 
 
XHYBRID =
PBATTERY
PFC + PBATTERY
!
"
#
$
%
&
XHYBRID = 34.6%
 
Equation 5.32 - Hybridisation Ratio 
 
Biurrun et al [239] came to the conclusion that the ideal hybridisation ratio was 30% and 
with consideration given to existing prototype H2FCHEVs it was concluded that the 
hybridisation in this studies system was appropriate and the results would not suffer 
distortion from a badly specified ESS. 
 
Controlling how the power sources interact with each other is another area of active 
research with many differing strategies proposed and developed in the literature. Because 
many of the more highly developed control strategies are specific to the topology and not 
directly applicable to all the different drive trains simulated this study uses a simple strategy 
that uses the ESS to cope with transient demand only and regulates when the ESS can be 
recharged by the fuel cell to maximise the charging efficiency. 
 
The main vehicle controller therefore monitors the power demanded by the motor and the 
vehicles auxiliary systems (air conditioning, in car entertainment, lighting etc). It requests 
this power from the fuel cell and uses the ESS to provide any transient demand that the 
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fuel cell isn’t capable of providing at any given simulation step. The power in the system 
can be described as: 
P[t ] = PMOTOR[t ] +PAUX[t ] = PFC[t ] +PBATTERY [t ]
PBATTERY [t ] = P[t ] −PFC[t ]
 
Equation 5.33 - Power Split 
  
In certain cases where the battery burst discharge limiter is operating to protect the battery 
from repeatedly bursting, large transient demands could cause P[t ]  to be less than 
demanded by the controller. The quasi-static motor model will ensure that the actual 
available power is properly iterated through the model in these cases. 
 
When the battery SOC falls below 0.8 and the ESS is idle, either during steady state driving 
or idling, the battery can be recharged from the fuel cell. To ensure maximum charging 
efficiency, a control rule is enforced such that charging is only enabled when PFC[t ]  is 
between 12kW and 40kW and operating in the region shown below in Figure 5.57. This 
rule is ignored if the SOC drops below 0.4 to prevent over discharge of the ESS. 
 
 
Figure 5.57 - Battery Charging Rule 
 
5.10.3 Driver Simulation 
It should be acknowledged that ultimately a human driver would drive the vehicle and that 
implies certain behaviour that would modify the model that accelerates and breaks the 
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vehicle. Human drivers would struggle to accurately drive according to a driving cycle and 
it would be almost impossible for that human driver to replicate the journey in the same 
way multiple times. A valid model of a human driver would have to include delays for 
reaction times and randomly varying over and undershoot of the speed time profile the 
driver was attempting to follow according to some normal distribution based on real world 
driver observations. Hauer built some of these feature into his simulation system [125]. 
After some thought it was decided not to replicate the drivers behaviour and that the 
control system would follow the speed time profile of the driving cycle without 
modification, within the capabilities of a digital control system. This study seeks results that 
are directly comparable. Introducing pseudo-random behaviour into the system, however 
small an affect it would have, would make each simulation different and partially invalidate 
the results by default. What is of interest is the electrical and mechanical power flows in the 
system, not how driver behaviour might discretely modify those for each and every 
journey. 
 
5.10.4 Computational Requirements 
When initially developed, the model was run under MATLAB Simulink 6.5 running on 
Windows XP 32 bit on a Pentium 4 computer with 512MB of RAM. It was established, 
similarly to [125], that the simulation model would have to be run with the ODE1 Euler 
fixed step solver. In addition to several of the calculations being related to fixed discrete 
time intervals, the variable step solvers generally crashed or encountered unsolvable 
algebraic loops. The largest step size that did not cause MATLAB to generate errors whilst 
running in fixed step mode was 0.005s and this step size was used for all of the simulations.  
 
Since this study was started, desktop computing has advanced significantly. The collapse in 
the price of RAM, move from 32 bit to 64 bit operating systems and the advent of solid 
state memory hard drives (SSDs) have changed the modelling speed quite significantly. The 
original computer used to take up to 70s for every 1s of simulation times. Running an 
NEDC driving cycle could take nearly 24 hours. The cause of this problem was principally 
limited RAM causing MATLAB to have to arduously swap virtual memoery to disc once it 
ran out of physical memory and the speed of the physical memory being 1/3 of what it 
now is. The system now runs on a twin processor, dual core Intel Xeon X5000 based 
machine running Windows 7 64 bit with 16GB of RAM and a 6Gbps SSD system drive. 
Some of the less complicated driving cycles now simulate up to five times faster than real 
time. The computational power now available on the desktop probably permits further 
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development beyond this study such that it could feature thermal effects and discrete 
power electronic simulation.  
 
5.10.5 Telemetry 
To aid analysis, almost every important parameter is stored at each simulation step. Around 
50 variables are stored, in the extreme case at the end of an AMS cycle this can result in 
~50 million data points. The results section will detail the critical points but needless to say 
tabulating and printing every measured data point would serve little purpose and be 
practically impossible. 
 
5.10.6 Simulation Method Summary 
The following paragraph provides a simplistic overview of how the model operates once 
the simulation is underway. 
 
1. Speed demand generated by driving cycle based on a time clock signal. 
2. Actual vehicle speed subtracted from speed demand to give a speed error signal. 
3. PI controller generates a torque demand value based on speed error. 
4. Torque demand value and actual speed passed through motor module power loss 
look up table. 
5. Electrical power loss from the motor is summed with the mechanical power to 
generate the total electrical traction power demand. 
6. Power demand is passed to fuel cell module. 
7. Fuel cell output changes to meet demand. 
8. Battery pack monitors the difference between demanded power and fuel cell output 
power and provides the difference during the time it takes the fuel cell to respond 
to the demand. 
9. Actual electrical output power passed to motor. 
10. Actual torque generated. 
11. Torque passed through gearbox to vehicle chassis module. 
12. Vehicle accelerates/decelerates according to the torque input. 
13. Vehicle speed decreases/increases. 
 
This closed loop repeats until the end of the driving cycle. For the avoidance of doubt, in 
the case of a negative speed difference (i.e. the vehicle is required to brake) the motor 
module is replaced in the loop by the brake system module. A procedural flow diagram of 
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this process is shown in Figure 5.58 and an example of the overall system for one of the 
topologies created in MATLAB Simulink is shown in 
 
 
Figure 5.58 - Simulation Operation Flow Diagram 
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Figure 5.59 - MATLAB Simulink Simulation Model 
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5.11 Simulation Model Test Procedures 
Once assembled, each topology was subject to a range of test procedures to ascertain its 
performance and efficiency in addition to being tested with each of the driving cycles. 
From these tests the following metrics were established for each topology. 
 
5.11.1 Driving Cycle Testing 
Each topology is tested with each of the driving cycles described in 5.9. Each cycle is run 
five times and the distance travelled and fuel consumed averaged across the runs and 
recorded. 
 
5.11.2 System Efficiency Analysis 
In each simulation model the efficiency of the system elements is logged as a telemetry 
parameter at every simulation step for all of the driving cycles. The average efficiency of 
each component across the whole cycle is calculated at the end of each simulation. 
 
5.11.3 Vehicle Range 
The total range of the vehicle is measured for every driving cycle simulated. The percentage 
of the fuel consumed is used to calculate the distance that could be travelled on a complete 
tank of fuel for the current mode of driving as follows: 
 
RangeVehicle =
svehicle
Fuel[t=0] −Fuel[t=end ]
 
Equation 5.34 - Vehicle Range 
Where: 
RangeVehicle = Maximum range of vehicle when driving current cycle (km). 
Fuel[t=0] =Fuel at start of simulation (100% of tank capacity, 5kg) 
Fuel[t=end ]=Fuel at end of simulation (%) 
svehicle = Distance travelled by vehicle during simulation (km) 
 
Aggregate ranges for urban, extra-urban and motorway modes of driving were based on 
the average range for each class of driving cycle. An overall average efficiency for every 
driving cycle was also calculated. 
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The vehicle range is only calculated on the amount of hydrogen in the tank, it does not 
consider how much further could be driven using the remaining charge in the battery as a 
reserve fuel source as this is not a normal driving mode. 
 
5.11.4 Motive Efficiency 
In order to draw useful comparisons to current internal combustion engine vehicles, the 
motive efficiency of the fuel cell vehicle simulations are presented in one H2FCEV specific 
measure and two metrics which are analogous with the standards that are currently used to 
quote the efficiency of ICEVs and HEVs. Due to the anachronism of Great Britain being a 
metric nation but still measuring transport with imperial units both metric and imperial 
values are calculated for certain quantities. 
 
1. Miles and Kilometres per kg of H2 (M/kgH2, km/kgH2) 
2. Kilograms of H2 per 100km (kgH2/100km) 
3. Miles Per Gallon, Gasoline Equivalent (MPGe) 
 
The first is easily calculated as follows: 
 
M / kgH2 =
RangeVEHICLE
FuelCAPACITY
 
Equation 5.35 - Miles per kg of Hydrogen 
Where: 
    FuelCAPACITY = Total capacity of fuel tank (kg) 
 
The second is derived from the vehicle range: 
 
kgH2 /100km =100
1
RangeVEHICLE FuelCAPACITY
!
"
#
$
%
&  
Equation 5.36 - kg Hydrogen per 100km 
 
Using the lower heating value, H2 contains 119.93MJ/kg of energy. Petrol contains 
44.72MJ/kg [66]. Petrol weighs 0.773 kg/l and an imperial gallon of petrol is 4.54609l. 
Using the LHV of 95RON fuel, 1 gallon of petrol contains 157.15MJ of energy. Therefore, 
imperial MPGe can be calculated using the M/kgH2 data: 
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MPGeIMPERIAL =
M / kgH2
1.31  
Equation 5.37 - MPGe 
 
The 5kg hydrogen tank used in this study contains the same amount of energy as 3.81 
gallons of 95RON petrol, starkly illustrating the technical limitations of fuel capacity in a 
typical H2FCEV when compared to a standard midsize passenger ICEV that carries a 
60l/13.2gallon petrol tank. 
 
5.11.5 Acceleration Tests 
Two driving cycles were developed to test the acceleration performance of the vehicle. 
 
1. Acceleration test 0-60mph (0-96kph) 
2. Overtaking test 50-70mph (80-112kph) 
 
Neither of these cycles was meant to be followed precisely as was the case with the other 
test cycles; step changes in speeds of such magnitude are clearly impossible. 
 
Figure 5.60 - 0-60mph Acceleration Test Cycle 
 
Figure 5.61 - 50-70mph Overtaking Test Cycle 
5.11.6 Gradeability 
The vehicle is idled for 50s at which point the speed demand is set to 5 km/h. The driver 
model accelerates the car to 5km/h and holds the speed steady. At 70s the grade of the 
road the vehicle is travelling on is increased by 1% steadily at 10s intervals. The grade 
ability of the vehicle is defined as the maximum grade at which the car is capable of 
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maintaining its initial velocity. Electric Vehicles should be capable of gradeability in excess 
of 25% [240].  
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6 Results 
 
6.1 Introduction 
 
This chapter will present a selection of the significant data gathered from the vehicle 
simulations. The key criteria for evaluating the vehicle topologies were:  
1. Driving Range. 
2. Vehicle Performance. 
3. Power Drivetrain Efficiency. 
4. Electrical Performance. 
5. Control Performance. 
 
Since this work has been based on computer simulation, the results needed validating 
externally from the simulation model. The validation methods used are discussed at the end 
of this chapter and a selected set of validations shown. 
 
6.2 Vehicle Driving Range 
 
One of the benchmarks usually highlighted in electrical vehicles is range. The limited range 
of a BEVs is their single largest drawback given how long it takes to recharge them. The 
phrase “range anxiety” has often been mentioned when discussion of how the limited 
range of BEVs limits their potential applications. 
 
The principle stated advantage of the H2FCHEV is not that it is more efficient than the 
BEV. We know this not to be true without the need to simulate anything. But that it 
overcomes the problem of limited range in two ways, firstly that a H2FCHEV can travel 
further on a single tank of fuel than any BEV and secondly that it can be refilled, not in 
hours, but in a few minutes. 
 
In a BEV, the range is easily equated to the power demands placed on the vehicle. The 
higher the demand, the quicker the battery will be depleted. Things are not so 
straightforward in the H2FCEV however and the characteristics of the fuel cell and driving 
mode have additional influences that affect the range. Since driving modes vary throughout 
 190 
the world the vehicle range was measured with cycles of various modes from different 
geographic areas. 
 
The tables that follow in this section show the range in km and miles. The optimal 
topology in each table is highlighted in bold for clarity and the tables also show the relative 
percentage difference in range between each topology and the topology that is highlighted 
as optimal in each case. 
 
6.2.1 Urban Driving 
Urban driving range is calculated by averaging the vehicle range of each topology during 
the ECE, J10, NYCC, UDDS and Artemis Urban driving cycles. Topology  
 
Topology Drivetrain Type Range (km) Range (miles) Relative Range1 
A H2FCEV 367.96 229.98 +1.82% 
B H2FCHEV 325.54 203.46 -9.92% 
C H2FCHEV 361.40 225.88 - 
D H2FCHEV 322.29 201.43 -10.82% 
E H2FCHEV 330.74 206.71 -8.48% 
F H2FCHEV 303.60 189.75 -15.99% 
I H2FCHEV 349.11 218.19 -3.40% 
J BEV 157.46 98.41 -56.43% 
Q H2FCHEV 325.07 203.17 -10.05% 
Table 6.1 - Urban Driving Range 
 
6.2.2 Extra-Urban Driving 
Extra-urban driving range was calculated by averaging the vehicle range of each topology 
during the EUDC, J15 and Artemis Road driving cycles. 
 
Topology Drivetrain Type Range (km) Range (miles) Relative Range 
A H2FCEV 507.44 229.98 +2.00% 
B H2FCHEV 456.16 203.46 -8.30% 
C H2FCHEV 497.47 225.88 - 
D H2FCHEV 450.43 201.43 -9.46% 
E H2FCHEV 453.36 206.71 -8.87% 
                                                
1 The relative range is the range of the topology relative to the most efficient H2FCHEV 
topology, Topology C. 
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F H2FCHEV 432.09 189.75 -13.14% 
I H2FCHEV 492.16 218.19 -1.07% 
J BEV 216.61 98.41 -56.46% 
Q H2FCHEV 454.56 203.17 -8.62% 
Table 6.2 - Extra-Urban Driving Range 
 
6.2.3 Motorway/Highway Driving 
Motorway driving range is calculated by averaging the vehicle range of each topology 
during the US06, US Highway and Artemis Highway driving cycles. 
 
Topology Drivetrain Type Range (km) Range (miles) Relative Range 
A H2FCEV 524.50 327.82 1.33% 
B H2FCHEV 480.45 300.28 -7.18% 
C H2FCHEV 517.61 323.51 - 
D H2FCHEV 476.92 298.08 -7.86% 
E H2FCHEV 487.86 304.91 -5.75% 
F H2FCHEV 462.15 288.84 -10.72% 
I H2FCHEV 499.49 312.18 -3.50% 
J BEV 228.08 142.55 -55.94% 
Q H2FCHEV 480.19 300.12 -7.23% 
Table 6.3 - Highway Driving Range 
6.2.4 Real World Driving 
Real world driving range was calculated by averaging the vehicle range of each topology 
during the Artemis set of real world driving cycles, the Artemis Urban, Road and Highway 
driving cycles. 
 
Topology Drivetrain Type Range (km) Range (miles) Relative Range 
A H2FCEV 363.87 227.42 1.74% 
B H2FCHEV 330.79 206.75 -7.51% 
C H2FCHEV 357.64 223.52 - 
D H2FCHEV 326.10 203.82 -8.82% 
E H2FCHEV 339.36 212.10 -5.11% 
F H2FCHEV 317.45 198.40 -11.24% 
I H2FCHEV 342.94 214.34 -4.11% 
J BEV 160.95 100.60 -55.00% 
Q H2FCHEV 330.52 206.58 -7.58% 
Table 6.4 - Real World Driving Range 
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6.2.5 Combined Driving 
Combined driving range was calculated by averaging the vehicle range of each topology 
during the NEDC, J10-15 and FTP-75 combined driving cycles. 
 
Topology Drivetrain Type Range (km) Range (miles) Relative Range 
A H2FCEV 472.27 295.17 2.21% 
B H2FCHEV 422.12 263.83 -8.65% 
C H2FCHEV 462.08 288.80 - 
D H2FCHEV 417.14 260.71 -9.73% 
E H2FCHEV 427.01 266.88 -7.59% 
F H2FCHEV 397.52 248.45 -13.97% 
I H2FCHEV 425.10 265.69 -8.00% 
J BEV 197.41 123.38 -57.28% 
Q H2FCHEV 419.76 262.35 -9.16% 
Table 6.5 - Combined Driving Range 
 
6.2.6 European Market 
The European market driving range was calculated by averaging the vehicle range of each 
topology during the ECE, EUDC and NEDC driving cycles. 
 
Topology Drivetrain Type Range (km) Range (miles) Relative Range 
A H2FCEV 528.83 330.52 2.23% 
B H2FCHEV 469.41 293.38 -9.26% 
C H2FCHEV 517.28 323.30 - 
D H2FCHEV 464.26 290.16 -10.25% 
E H2FCHEV 474.45 296.53 -8.28% 
F H2FCHEV 439.76 274.85 -14.99% 
I H2FCHEV 496.72 310.45 -3.97% 
J BEV 223.25 139.53 -56.84% 
Q H2FCHEV 468.95 293.10 -9.34% 
Table 6.6 - European Market Driving Range 
 
6.2.7 North American Market 
The North American market driving range was calculated by averaging the vehicle range of 
each topology during the NYCC, UDDS, US Highway, FTP-75 and US06 driving cycles. 
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Topology Drivetrain Type Range (km) Range (miles) Relative Range 
A H2FCEV 471.53 294.71 1.44% 
B H2FCHEV 424.74 265.46 -8.63% 
C H2FCHEV 464.83 290.52 - 
D H2FCHEV 420.96 263.10 -9.44% 
E H2FCHEV 430.48 269.05 -7.39% 
F H2FCHEV 401.85 251.16 -13.55% 
I H2FCHEV 434.88 271.80 -6.44% 
J BEV 202.74 126.71 -56.38% 
Q H2FCHEV 423.08 264.43 -8.98% 
Table 6.7 - North American Market Driving Range 
 
6.2.8 Japanese Market 
The Japanese market driving range was calculated by averaging the vehicle range of each 
topology during the J10, J15 and J10-15 driving cycles. 
 
Topology Drivetrain Type Range (km) Range (miles) Relative Range 
A H2FCEV 438.91 274.32 2.10% 
B H2FCHEV 393.20 245.75 -8.53% 
C H2FCHEV 429.87 268.67 - 
D H2FCHEV 389.68 243.55 -9.35% 
E H2FCHEV 388.19 242.62 -9.70% 
F H2FCHEV 370.79 231.74 -13.74% 
I H2FCHEV 434.12 271.33 0.99% 
J BEV 182.42 114.01 -57.57% 
Q H2FCHEV 391.70 244.81 -8.88% 
Table 6.8 - Japanese Market Driving Range 
 
6.2.9 Vehicle Driving Range Results Summary 
Topology C had the highest driving range of any H2FCHEV in all modes of driving. 
Topology A, the only non-hybridised H2FCEV topology, was marginally higher but due to 
poor performance it could not follow and maintain the speed profile of many of the 
driving cycles accurately and was excluded from further comparison. During very low 
performance cycles, such as the ECE or J10, the battery is used very little, if at all as the 
acceleration and the rate of change in power demand is low. Effectively during these 
 194 
periods Topology C is using the same power pathway as Topology A, not using its battery 
and carrying round the battery and power converter as dead weight. 
 
It is abundantly clear from all the results that the vehicle exceeds the range of the BEV 
simulation model, more than doubling the range in all cases. 
6.2.10 Driving Mode Summary 
Plotting the ranges for each driving mode reveals a slightly surprising trend. It was 
expected that highway driving would be more efficient and thus yield longer ranges than 
extra urban driving and the real world driving cycles since the modal highway cycles tend to 
have large periods of relatively constant high speeds. Figure 6.1 shows this not to be the 
case. 
 
 
Figure 6.1 - H2FCHEV Range by Driving Mode1 
 
After further analysis it became clear that the aggressive US06 driving cycle was having an 
adverse impact on the entire highway range dataset and distorting the graph. The US06 
cycle has frequent periods of extreme acceleration. The maximum acceleration of the cycle 
is 3.73 m/s2, more than double the 1.42m/s2 of the US Highway Cycle.  
 
The data was therefore re-plotted, excluding the US06 cycle from the highway range 
dataset. The results are shown overleaf in Figure 6.2. The average increase in highway 
driving range was 147km, an extra 32% for a given quantity of fuel. This significant 
difference demonstrates the sensitivity of the H2FCHEV to driving style and furthermore 
                                                
1 Note the Y-axis origin has been shifted to aid clear visualisation of the differences between the topologies.  
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the BEV does not exhibit the same high variance between the different highway cycles. 
This is because of the penalty incurred by having to recharge the hybrid power storage 
device after discharge. 
 
 
Figure 6.2 - H2FCHEV Range by Driving Mode (Excluding Aggressive Highway Driving)1 
 
6.2.11 World Market Summary 
When each world market simulated is analysed side by side the results are quite striking and 
highlight one of the key observations of this thesis. The general pre-conception about 
world automotive markets, at least from a UK point of view is that North America loves its 
big cars with high displacement, low efficiency engines. The Far East, with much more 
densely populated metropolitan area prefers predominantly smaller city cars with small, 
high efficiency engines and that Europe lies somewhere between the two. None of these 
pre-conceptions however influence production of vehicles to an extent that stops 
manufacturers importing into different markets. A city car ICEV manufactured in Japan 
will perform perfectly adequately in any European or US city. 
 
As illustrated in Figure 6.3 overleaf, the simulations show that according to the legislative 
driving cycles of each region, within each vehicle topology there is a significant variation in 
vehicle range in the different world market areas and that typically the European range is 
higher than the US range which is higher than the Japanese range. 
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Figure 6.3 - H2FCHEV Range by Market1 
 
6.3 Vehicle Performance 
 
Vehicle performance is another important aspect of analysing any passenger vehicle that 
will ultimately be targeted at consumers. Even though the majority of vehicles sold are 
done so primarily on the basis of utility or economy, the market for performance models of 
these vehicles or dedicated sports and performance models is significant and in many cases 
is where the highest margins for manufacturers lies. 
 
Beyond the raw figures, there is also a psychological aspect of motoring that manufacturers 
lean heavily on when marketing their vehicles. Though the reality of most driving is 
mundane trips on over crowded roads to work or the shops, many people also buy into the 
idea that at the first sign of open road they can open the throttle and glide round the 
corners at speed. A quick examination of automotive TV advertising reveals premium 
variants of any given marque being driven through perfectly surfaced; empty Alpine passes 
in glorious sunshine. 
 
This is where the ideals of renewable energy clash with the reality of selling cars. 
Performance and efficiency are diametrically opposed and high performance comes at a 
cost. It is clear from the sales of Golf GTI, Astra VXR, BMW M Sport models and the like 
that there is an established market though and we need to ensure that we know where the 
                                                
1 Note the Y-axis origin has been shifted to aid clear visualisation of the differences between the topologies. 
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performance of fuel cell vehicles lies and how it can be improved if necessary to ensure 
topologies can be designed to meet all corners of the market. 
 
6.3.1 0-60mph (0-96km/h) Acceleration Test 
The 0-60mph-acceleration test is oft quoted as the defining factor in a vehicles 
performance. Whilst the truest indicator of flat out acceleration ability, there are few 
situations in real world driving where it is either necessary or safe and beyond marketing 
materials and track days its use is questionable. Nevertheless it is needed for comparison. 
 
Topology Drivetrain Type 0-60mph (s) Relative 0-60mph Time1 
A H2FCEV 18.48 +34.8% 
B H2FCHEV 13.71 - 
C H2FCHEV 15.27 +11.4% 
D H2FCHEV 14.88 +8.5% 
E H2FCHEV 15.27 +11.4% 
F H2FCHEV 13.96 +1.8% 
I H2FCHEV 19.13 +39% 
J BEV 12.73 -7.2% 
Q H2FCHEV 13.71 - 
1.6l Ref2 ICEV 11.60 -15.4% 
Table 6.9 – 0-60mph Acceleration Test Results 
 
6.3.2 50-60mph (80-112km/h) Passing Speed Test 
The passing speed test is the much more useful indicator of the performance of a vehicle 
as it gives an indicator of the vehicles ability to overtake safely and passing slower vehicles 
on the motorway is probably one of the most common driving manoeuvres where a typical 
motorist pushes the performance capability of their vehicle. 
 
 
 
 
 
 
                                                
1 The relative 0-60mph and 70-50mph times are quoted relative to the highest performance H2FCEV topologies, 
Topology B and Topology Q. 
2 The reference case is a 1.6l petrol ICEV production version of the vehicle, the chassis of which this simulation model 
was based upon. 
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Topology Drivetrain Type 50-70mph (s) Relative 50-70mph Time 
A H2FCEV 12.01 +56.8% 
B H2FCHEV 7.66 - 
C H2FCHEV 9.19 +20.0% 
D H2FCHEV 8.89 +16.1% 
E H2FCHEV 9.26 +20.9% 
F H2FCHEV 7.83 +2.2% 
I H2FCHEV 9.81 +28% 
J BEV 6.79 -11.6% 
Q H2FCHEV 7.66 - 
Table 6.10 – 50-70mph Passing Speed Test Results 
 
6.3.3 Gradeability 
The gradeability of the vehicle is of variable importance depending on the application and 
perspective. For a vehicle for use on an airfield, or a city car limited to travelling around 
London, it is of relatively little concern. However consider that same car in some of the 
more hilly parts of the UK, such as the author’s native Yorkshire. A driver needs to be 
certain that when they come ascend a 14% hill that they can get to the top and at this 
moment gradeability becomes the main performance metric that the driver should be 
concerned with. 
Topology Drivetrain Type Gradeability 
A H2FCEV 19% 
B H2FCHEV > 25% 
C H2FCHEV > 25% 
D H2FCHEV > 25% 
E H2FCHEV > 25% 
F H2FCHEV > 25% 
I H2FCHEV > 25% 
J BEV > 25% 
Q H2FCHEV > 25% 
Table 6.11 - Vehicle Gradeability Test Result 
 
All vehicles passed the gradeabillity test with the exception of Topology A, a result that 
again highlights the need for hybridisation in the H2FCEV drive train to deliver acceptable 
vehicle performance. 
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6.3.4 Vehicle Performance Summary 
As would be expected, the topology with the fastest 0-96kph also had the quickest passing 
speed. Topology B and Q both obtained the same time, with some difference in the third 
decimal place. This was to be expected, as they are effectively the same topology save for 
the small and relatively lightweight battery charging DC-DC converter that plays no part in 
power delivery during acceleration. 
 
The proportional relationship between the passing speed and acceleration would not 
necessarily hold true in ICEV vehicles and is worth noting that is a consequence of the 
torque speed profile of the electric motor. In ICEV vehicles petrol engine vehicles that can 
pickup and rev quickly to power will do well in 0-60mph tests. Whilst any high 
performance vehicle will have a good 50-70mph performance, it is not unusual for some 
turbo diesel vehicles to have a higher passing performance than a petrol engine vehicle that 
has a better 0-60mph performance. The higher torque of the diesel engine being the 
dominant factor once a vehicle is already moving. 
 
The quickest 0-60mph performance is not as quick as the 1.6l ICEV version of the vehicle 
the chassis of which was used in the simulation model. There are a number of reasons for 
this, the H2FCHEV is heavier and although the fixed gear ratio of the transmission 
attached to the electric motor is relatively high, the 1st gear ratio of the 1.6l ICEV is 35% 
higher, enabling higher initial acceleration. 
 
6.3.5 The Need For Hybridisation 
As mentioned earlier in this chapter, Topology A was unable to follow all of the driving 
cycles accurately and it also failed the basic gradeability test set out in [240]. The main 
reason for using an energy storage system to hybridise the drive train has been born out by 
the simulation. The slow response time of the fuel cell creates a power demand deficit in 
the drive train and the performance suffers as a result. Figure 6.4 shows the vehicle speed 
plotted against the driving cycle speed of Topology A during a section1 of the US06 cycle. 
It is clear that the vehicle cannot keep up with the demanded speed of the cycle. 
 
                                                
1 A section is used to aid the illustrative process. The length of cycles prohibits seeing any significant detail 
when the whole cycle is shown in the space available. 
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Figure 6.4 - Topology A US06 Driving Cycle Speed Deficit 
 
Figure 6.5 overleaf shows the reason behind this. The fuel cell is at first capable of meeting 
the modest increase in power required by the speed profile. However when the driving 
cycle starts demanding higher acceleration, the rate at which the fuel cell output current can 
rise becomes a dominant factor and the power available is not sufficient to meet demand. 
 
The response of the controller is to ramp up the power demand signal, ultimately beyond 
that which the fuel cell can provide. Since the fuel cell consumes some of its output power 
to power its compressor and humidification systems, it cannot meet the peak power 
requirements of the motor. The controller presumes that the balance of power can be met 
by the energy storage system however in Topology A this is absent and the power gap 
cannot be met. 
 
Figure 6.5 - Topology A US06 Driving Cycle Current Deficit 
 
The demands of a cycle like the US06 are perhaps best illustrated by viewing the demands 
placed on the hybrid energy storage system in the hybrid topologies. Figure 6.6 shows a 
plot of the fuel cell and battery current during the entire US06 driving cycle.  
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Figure 6.6 - Topology B US06 Driving Cycle Fuel Cell & Battery Currents 
  
The periods of acceleration where the fuel cell cannot meet demand are clear, as is the 
battery current dropping away once the fuel cell has reached the demand set point. The 
graph also shows the battery meeting the gap in demand between the fuel cell output and 
demand power when the power demand exceeds the fuel cell capability. Examination of 
the US06 cycle has shown a slight distortion in the results and error in the controller. The 
maximum speed during the US06 cycle exceeds the maximum speed of the vehicle. The 
simulation model limits the maximum speed, but the controller still sees an error between 
actual and demanded speed and therefore continues to try and accelerate the vehicle. The 
US06 and Artemis Highway cycles are the only cycles where this occurs.  
 
In some of the less arduous cycles the fuel cell response rate does not make as significant a 
difference, though the energy storage system is still used, though more infrequently. This 
highlights the differences in optimal hybridisation ratios between the different driving 
modes.  
 
6.4 Drivetrain Efficiency 
 
Ultimately the efficiency of the drivetrain is another way of expressing the range and there 
is a direct relationship between the efficiency and the range figures so these results do not 
portray a different picture of the topologies. Whilst vehicle range is a concept common to 
electric vehicles though, it is not one used to market ICEV. The fuel efficiency is quoted as 
a way for people to calculate the fuel cost per mile, a measure that is more commonly used 
to measure the cost of motoring. Filling stations are numerous and the standard vehicle 
tank sizes of 50-70l mean that most typical journeys do not require a refill.  
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6.4.1 Overall Efficiency by Driving Mode 
The overall efficiency by driving mode was calculated by averaging the efficiency of each 
topology during each class of driving cycles, as previously shown in Table 5.4.  Again, as 
expected from the range results shown earlier Topology C is the most efficient H2FCHEV, 
save for the twin motor arrangement in Topology I yielding a better real world MPGe 
figure.  
 
Although notable and potentially significant, Topology I exhibited certain control problems 
that will be discussed later in this chapter and its results should carry a certain degree of 
uncertainty about them as a result. The difference is also slight and when compared to the 
increased cost of having multiple drives in the system, may not be of any economic benefit 
if the accuracy of the data could be confirmed. 
 
Topology 
Drivetrain 
Type 
MPGe 
(Urban) 
MPGe 
(Extra Urban) 
MPGe 
(Highway) 
MPGe 
(Combined) 
MPGe 
(Real World) 
A H2FCEV 38.33 52.86 54.64 49.19 45.72 
B H2FCHEV 33.91 47.52 50.05 43.97 40.96 
C H2FCHEV 37.65 51.82 53.92 48.13 44.78 
D H2FCHEV 33.57 46.92 49.68 43.45 40.59 
E H2FCHEV 34.45 47.23 50.82 44.48 40.44 
F H2FCHEV 31.62 45.01 48.14 41.41 38.62 
I H2FCHEV 36.37 51.27 52.03 44.28 45.22 
J1 BEV 87.79 120.77 127.16 110.06 101.70 
Q H2FCHEV 33.86 47.35 50.02 43.73 40.80 
1.6l Ref2 ICEV 29.7 49.6 N/A 39.8 N/A 
Table 6.12 - Driving Mode Efficiency 
  
                                                
1 The figure quoted for Topology J, the BEV, is MPGe based on 1 imperial gallon of petrol containing 40.44kWh of 
energy. 
2 The reference case is a 1.6l petrol ICEV production version of the vehicle, the chassis of which this simulation model 
was based upon. Figures quoted are in MPG for this case. 
 203 
 
Topology 
Drivetrain 
Type 
MPGe 
(Urban) 
MPGe 
(Extra Urban) 
MPGe 
(Highway) 
MPGe 
(Combined) 
MPGe 
(Real World) 
A H2FCEV 1.82% 2.00% 2.21% 1.33% 2.10% 
B H2FCHEV -9.92% -8.31% -8.65% -7.18% -8.53% 
C H2FCHEV - - - - -0.99% 
D H2FCHEV -10.82% -9.46% -9.73% -7.86% -9.35% 
E H2FCHEV -8.49% -8.87% -7.59% -5.75% -9.70% 
F H2FCHEV -16.00% -13.14% -13.97% -10.72% -13.74% 
I H2FCHEV -3.40% -1.07% -8.00% -3.50% - 
J BEV 168.17% 168.02% 162.97% 171.22% 161.20% 
Q H2FCHEV -10.05% -8.63% -9.16% -7.23% -8.88% 
Table 6.13 – Relative Driving Mode Efficiency 
 
6.4.2 Overall Efficiency by Market 
The overall efficiency for each world market region was calculated from the average 
efficiency of all the legislative driving cycles of that region for each topology. Again the 
data bears out the differences between the European, North American and Japanese 
markets. 
 
Topology Drivetrain Type MPGe (European) MPGe (North American) MPGe (Japanese) 
A H2FCEV 55.09 49.12 45.72 
B H2FCHEV 48.90 44.24 40.96 
C H2FCHEV 53.88 48.42 44.78 
D H2FCHEV 48.36 43.85 40.59 
E H2FCHEV 49.42 44.84 40.44 
F H2FCHEV 45.81 41.86 38.62 
I H2FCHEV 51.74 45.30 45.22 
J BEV 124.47 113.04 101.70 
Q H2FCHEV 48.85 44.07 40.80 
Table 6.14 - Efficiency by Market 
 
For the most efficient topology, Topology C, the difference between the European and 
Japanese efficiency is 16.9%. Although there is no current market price for hydrogen, since 
we have an equivalent measure we can express this in terms of the current market price of 
gasoline in the UK, which is around £1.30 a litre. To a motorist driving 12,000 miles a year 
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the difference in fuel cost is significant at around £270, which is approximately 1.2% of the 
mean UK household income. 
 
Topology Drivetrain Type MPGe (European) MPGe (North American) MPGe (Japanese) 
A H2FCEV 2.25% 1.45% 2.10% 
B H2FCHEV -9.24% -8.63% -8.53% 
C H2FCHEV - - - 
D H2FCHEV -10.24% -9.44% -9.36% 
E H2FCHEV -8.28% -7.39% -9.69% 
F H2FCHEV -14.98% -13.55% -13.76% 
I H2FCHEV -3.97% -6.44% 0.98% 
J BEV 131.01% 133.46% 127.11% 
Q H2FCHEV -9.34% -8.98% -8.89% 
Table 6.15 - Relative Efficiency by Market 
 
6.5 Electrical Performance 
 
The electrical performance data is key to assessing the accuracy of the topology analysis 
carried out in Chapter 4.5 and shown in Table 4.70. It also highlights for the first time in 
the results, the influence of the power pathways on the overall system efficiency. The 
simple topology analysis showed that Topology E was the most efficient yet as is now clear 
from all the data shown in this chapter the results of the simulation model suggest that it is 
in fact Topology C. 
 
6.5.1 Drivetrain Electrical Efficiency 
The average electrical efficiency of each power pathway in the drivetrain was calculated for 
each topology and is shown below in Table 6.16. For the first time in the results we can see 
that different drive trains are optimal for the various power pathways and that despite 
being the most efficient overall, Topology C does not have optimal electrical characteristics 
across the board. 
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Topology 
Fuel Cell 
Efficiency 
Battery System 
Efficiency 
Battery 
Charging 
Efficiency 
Motor Drive 
Efficiency 
Fuel Cell to 
Road 
Efficiency 
Battery to 
Road 
Efficiency 
A 44.23% N/A N/A 72.99% 32.28% N/A 
B 39.34% 80.32% 43.02% 72.11% 28.37% 57.92% 
C 44.47% 79.15% 43.25% 72.01% 32.02% 57.00% 
D 38.85% 73.97% 43.23% 72.31% 28.09% 53.49% 
E 39.15% 98.8% 45.42% 71.91% 28.15% 71.05% 
F 34.82% 94.05% 45.7% 72.31% 25.18% 68.01% 
I 44.57% 98.52% 45.81% 65.88% 29.36% 64.90% 
J N/A 98.71% N/A 73.11% N/A 72.17 
Q 39.42% 80.32% 45.57% 72.23% 28.47% 58.02% 
Table 6.16 - Electrical Performance 
Control issues aside for a moment, the twin motor arrangement, Topology I also exhibits 
the intrinsic electrical efficiency advantages of coupling the power sources together 
mechanically and not electrically, eliminating the need for power converters from the 
system entirely. The penalty of putting multiple power converters in the power pathway to 
obtain high performance is starkly illustrated by Topology F, confirming the earlier high 
level analysis though the 3.6% difference between the high performance Topology B and 
the high efficiency Topology A is also worth highlighting as it shows the economic 
compromise that must be made for obtaining greater performance in the H2FCHEV. 
 
6.5.2 Power Consumption 
The MPGe figure quantified the performance of the drivetrain in terms relative to ICEVs. 
For electrical vehicles, a more typical, useful and readily understandable measure of the 
intrinsic efficiency of the drivetrain system is the power consumed per km in Wh.  
 
 
Figure 6.7 - Power Consumption During US Highway Driving Cycle 
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Figure 6.7 shows an example of the power consumed by the drivetrain during the US 
Highway driving cycle. Table 6.17 tabulates the Wh/km consumption for the different 
modes of driving simulated. Once again Topology C is clearly the most efficient drive train 
with the lowest Wh/km consumption in all modes of driving. 
 
Topology 
Drivetrain 
Type 
Wh/km 
(Urban) 
Wh/km  
(Extra Urban) 
Wh/km 
(Highway) 
Wh/km 
(Combined) 
Wh/km 
(Real World) 
A H2FCEV 452.49 328.12 317.44 352.55 457.59 
B H2FCHEV 511.45 365.01 346.55 394.44 503.33 
C H2FCHEV 460.70 334.69 321.67 360.33 465.55 
D H2FCHEV 516.62 369.65 349.11 399.15 510.57 
E H2FCHEV 503.42 367.26 341.29 389.93 490.63 
F H2FCHEV 548.43 385.33 360.28 418.84 524.50 
I H2FCHEV 476.93 338.31 333.34 391.67 485.51 
J1 BEV 222.29 161.58 153.46 177.29 217.45 
Q H2FCHEV 512.19 366.28 346.73 396.65 503.75 
Table 6.17 - Vehicle Energy Consumption in MPGe 
 
6.5.3 System Power Flow Visualisation 
The electrical performance data has highlighted the difference between the high level 
review and the simulation results. The question is why did the high level review conclude 
Topology E to be the most efficient. The answer was obtained by visualising the power 
flows in the various driving cycles. 
 
The high level review assigned an average steady state value to each of the power pathways 
in the topologies and then averaged them together. The steady state values are themselves 
an approximation and a source of potential error but the larger problem is that all the 
power pathways were simply averaged together with no weighting or consideration of their 
duty cycle. As previously stated in establishing the need for hybridisation, the utilisation of 
the energy storage system in the drive train varies between driving cycles. Thus the 
efficiency of the battery to wheel and fuel cell to battery pathways does not have the same 
influence on the overall system efficiency as the fuel cell to wheel pathway, which is in the 
majority of cases the dominant power dissipation route. 
 
                                                
1 The figure quoted for Topology J, the BEV, is based on the battery capacity.  
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Figure 6.6 - Topology B US06 Driving Cycle Fuel Cell & Battery Currents 
  shows the energy storage system working hard during one of the most arduous driving 
cycles. However in some cycles, the data shows that the hybrid power source is barely used. 
The utilisation of the ESS during two of the less arduous cycles, one high speed and one 
low speed are shown below. The US Highway cycle in Figure 6.8 shows a high speed, yet 
relatively low acceleration driving cycle. It is clear that save for the intial power demand 
during acceleration, the ESS is barely used. In the ECE urban driving cycle, shown in 
Figure 6.9, where the acceleration is even less demanding the ESS is used even less and at 
this point can almost be considered a dead weight. It is certain that the hybridisation ratio 
in Topology B is not optimal for either of these driving cycles. 
 
 
Figure 6.8 - Topology B US Highway Cycle Fuel Cell & Battery Current 
 
 
Figure 6.9 - Topology B ECE Cycle Fuel Cell & Battery Current 
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Topology B has been chosen to present this data as the average difference of this 
phenomena between topologies is not significant and a direct comparison with the same 
topology is the most accurate way of visualising the results. 
 
6.5.4 Energy Source Performance Under Load 
One of the main assertions of this thesis is that the IV characteristics of the energy sources 
require power converters to fix the voltage to obtain maximum performance from the 
drive. We have confirmed that a performance advantage can be gained by doing this and 
that it comes with an efficiency, weight and cost penalty, but as it is such a key point that 
there can no doubt as to the necessity. Visualising how the voltage of the energy sources 
behaves under load can fulfil this requirement. 
 
The battery and fuel cell terminal voltage was measured during every cycle and two cases at 
opposite ends of the demand spectrum are shown below. Figure 6.10 shows the variance in 
the fuel cell and battery voltages during the relatively sedate yet speedy US Highway cycle 
and illustrates that even during this cycle, the fuel cell voltage declines by around 20% of 
the no-load voltage and reduces the maximum torque at full speed by around 50%. 
 
 
Figure 6.10 - Topology B US Highway Cycle Energy Source Terminal Voltages 
 
Figure 6.11 shows the voltage declining even more significantly during the arduous US06 
driving cycle further reducing the maximum available torque during this high speed cycle 
and ultimately were it not for the speed limits imposed by the motor and gear ratio 
combination it would be the dominant limiting factor in vehicle performance. 
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Figure 6.11 - Topology B US06 Cycle Energy Source Terminal Voltages 
 
6.5.5 Electrical Performance Summary 
The results show that the earlier high level steady state topology analysis was wrong to 
select Topology E as the most efficient and that it is in fact, as suggested throughout this 
chapter, Topology C. The simulations have highlighted that the battery system is not 
utilised equally during all modes of driving and that the dominant power pathway in the 
drive train is from the fuel cell to the wheel. The relationship between bus voltage and 
performance has been confirmed. 
 
6.6 Control Performance 
 
The accuracy of the vehicle controller that simulated the driver and followed the driving 
cycle during each simulation was of critical importance to this study. If any of the 
topologies had significantly deviated from the speed time profile of each cycle, 
comparisons could not be accurately drawn between them.  
 
6.6.1 Vehicle Speed Control 
The accuracy of the controller response was measured primarily by comparing the vehicles 
actual speed to the plot of driving cycle it was following during each simulation. Two of 
these plots, one for the modal New European Driving Cycle, shown below in Figure 6.13, 
and one for a magnified section of the real world based New York City Cycle, shown 
overleaf in Figure 6.15. Both clearly show the accuracy of the vehicle speed controller. The 
original NEDC and NYCC are shown again for ease of reference. 
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Figure 6.12 - NEDC Driving Cycle 
 
 
Figure 6.13 - Topology B Actual Speed During NEDC Driving Cycle Simulation 
 
 
Figure 6.14 - New York City Cycle Driving Cycle 
 
 
Figure 6.15 - Actual Vehicle Speed for Section of NYCC 
 
The accuracy of these plots can also be confirmed by comparison of the distance travelled 
during the simulation with the calculated distance of each driving cycle. Due to controller 
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overshoot and vehicle inertia there will be some difference between the calculated and 
simulated distances, but for validity it should be negligible. Table 6.18 shows the average 
distance travelled to six decimal places for a selection of driving cycles and provides a 
secondary confirmation of the accuracy of the speed control.  
 
Driving Cycle 
Driving Cycle Distance 
Calculated (km) 
Average Distance Travelled 
(km) 
NEDC 10.93 10.929947 
ECE 0.99 0.993216 
US06 12.81 12.792272 
USHWY 16.41 16.409451 
J10 0.66 0.663041 
J10-15 6.34 6.446725 
Artemis Urban 4.87 4.867342 
Table 6.18 - Simulation Driving Distance Accuracy 
 
 
6.6.2 Controller Response 
If the vehicle speed response is examined in a smaller time frame, two noteworthy 
elements of the control response become visible. 
 
Figure 6.16 - Section of ECE Driving Cycle Simulation 
Figure 6.16 shows a plot of cycle and actual vehicle speed for a section of the ECE driving 
cycle. It can be seen that the vehicle does not respond immediately to the cycle accelerating 
from rest. This is due to the vehicles inertia. The cycle is simply a speed-time profile, 
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unconstrained by any physical effects. The vehicle first has to over come inertia before it 
can accelerate and the response from rest will always lag the driving cycle somewhat.  The 
vehicle velocity overshoots the driving cycle response when the vehicle stops accelerating 
at a given speed set point for the same reason, due to inertia it cannot instantaneously 
change its acceleration. 
 
Also just visible on the plot is the slight shift between the driving cycle speed and actual 
vehicle speed plots. The vehicle response is delayed by the requirements of the simulation 
calculations. There are several states in the simulation model where the state calculation 
relies on its output to calculate its input. At various points during the simulation this forms 
an algebraic loop that cannot be solved. Simulink has an “algebraic loop breaker” block, 
designed to break the dependency of a calculation on its own output. This block however 
does introduce a unit delay into the simulation process. Acceleration and deceleration are 
uniformly delayed, so the vehicle follows the cycle accurately and there is no impact on the 
simulation results.  
 
6.6.3 Controller Accuracy 
One observation when examining the performance of the vehicle controller was that 
although the vehicle speed profile was followed correctly, there were occasional spikes in 
the power demand when the vehicle was accelerating at a constant rate as shown below in 
Figure 6.17. This is a symptom of the controller overshooting the set point and then over 
correcting itself. 
 
 
Figure 6.17 - Topology B ECE Cycle Motor Power vs. Speed 
 
The cause was essentially the scale of the simulations. The PI controller was designed and 
tuned for each topology to make all the topologies follow the speed time profile of the 
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driving cycles. The controller was not however tuned for each driving cycle. If it were this 
power set point instability could be eliminated. However, that would expand the number of 
simulation models used in this thesis from nine to one hundred and twenty six. 
Furthermore due to the size of the system and the number of components involved, tuning 
via analytical methods proved impossible and manual tuning was found to be the quickest 
way of adapting the controller. It would rapidly have become impractical and change 
management would have become all but impossible. The inertia of the vehicle ensured that 
this very brief transient spikes had no effect on the accuracy of the vehicles velocity when 
following a given driving cycle speed time profile and no oscillation about the speed set 
points occurred. 
 
6.6.4 Topology I Twin Motor Control 
Topology I is an interesting case. Combining two electrical motors on a single axle it 
isolates the power sources and uses them to drive a separate motor. The principle method 
of control is therefore somewhat different. The broad principle of operation was that the 
controller would monitor the motor driven by the fuel cell and then command the motor 
driven by the battery to provide any deficit in torque at the driveshaft. Whilst the principle 
is relatively easy to explain the implementation proved to be somewhat more complex and 
at best the controller designed is somewhat of a crude implement. The main issue was, to 
paraphrase Donald Rumsfeld, that there were too many “unknown unknowns” to have 
much confidence in the accuracy of the topology model or the veracity of the results. 
Scaling down the single IM drive used for the other topologies derived the data used to 
model the two motors. This in itself introduced an initial inaccuracy, as we know the 
motors would likely not scale linearly. Secondly there was no data available to accurately 
model the interface between the two motors and the axle, so dynamic modelling of the 
efficiency of the transmission was not possible. Furthermore in a real system it is likely the 
boost motor driven by the battery would be isolated by a clutch to prevent friction losses 
when not being used, this was also not simulated and the motors were both connected to 
the drive shaft continually. Whilst useful for comparison, the inaccuracy of the controller 
and the method in which the simulation model was built necessitates a note of caution be 
attached to the data and results of Topology I. 
 
6.7 Validation 
There are several methods of validating the simulation model and the results it has 
generated. Model validation was defined by Schlesinger et al. in 1979 [241] as: 
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“Substantiation that a computerised model within its domain of applicability posses a satisfactory 
range of accuracy consistent with the intended application of the model” 
 
Tsang elaborated further in 1991 [242]: 
 
“We shall understand a model as a combination of (a) conceptual model and (b) computer code, 
with the relevant model parameters, which are derived from field and laboratory data and 
information. Only with the combination of these elements is it possible to perform modelling studies 
whose results may be used as a representation of the actual processes occurring in the real system.” 
 
To the extent possible given the confidentiality and lack of data surrounding some 
elements of the model, validity is ensured firstly by the use of empirical data when building 
the models components. Empirical data was used for the motor drive, fuel cell, battery, 
power diode and DC-DC converters. The vehicle chassis was developed from first 
principles.  Each individual subsystem was then tested and the output checked against the 
data used to construct it and with due consideration to the relevant physical laws checks 
were made to ensure each subsystem generated valid outputs for all known operating 
points. 
 
Validation of the simulation model results as a whole is a less absolute process. The system 
can be easily monitored dramatic for errors in the model that cause inviolable rules, such as 
Ohm’s Law or Newton’s Law of Motion to be broken. However, the interconnection of 
the subsystems and the use of algorithmic control can introduce errors into the system that 
could cause discrete but nevertheless significant errors to be introduced into the 
simulation. The usual method of validating a power electronic system is to build the 
physical system and subject it to laboratory testing then compare the results to the data 
generated by the simulation model. This would be an undertaking that several of the 
worlds major automotive groups have yet to carry out and in the context of this study, 
building a prototype vehicle is out of the question.  
 
The next option would be to build a static scaled hardware prototype in the lab. This 
however would depend on several elements that would themselves introduce uncertainty. 
For safety reasons the fuel cell would have to be represented by a digitally controlled power 
supply, programmed to react like a fuel cell. The wheels and road would be represented by 
a digitally controlled sink load, either a purely resistive load bank, or a friction brake acting 
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on the shaft of a motor. The data to control these sinks and sources would come from the 
simulation model and therefore if the model were erroneous the hardware test system 
would be invalidated. The hardware test model would allow for a more detailed 
examination of the transient and thermal characteristics of the power converters, battery 
and control system but since data from the simulation would still be involved in the 
hardware test environment it would not serve as a fully independent method of validation. 
 
Another approach to validation is to compare the results of the simulation to 
contemporary studies in literature and existing production or prototype vehicles and see if 
they are within reasonable margins of the published data. As has been noted previously, the 
available data in the literature is by no means a complete reference, but specific excerpts 
exist so as to aid this method of verification. Prototype data from manufacturers pre-
production development and test vehicles is used with the understanding and cautionary 
note that the publically published statistics are liable to reflect the most positive aspects of 
the vehicles. 
 
6.7.1 Numerical Validation 
To validate the simulation model analytically, Topology C was accelerated to an arbitrarily 
chosen speed of 70.5kph whereupon it was held at constant velocity. Once the vehicle had 
stopped accelerating and maintained a steady state for around 100s the relavent parameters 
inside the drivetrain were measured. 
 
At 70.5kph (19.58 ms-1) the wind resistance force is 44.64N and the frictional resistance 
force is 121.38. Since P = Fv , to maintain a steady speed, the drivetrain needs to deliver 
3250.67W to the wheels.  
 
The total power of the fuel cell stack was 10145W and the fuel cell system was operating at 
an electrical efficiency of 43.96%. The bus power was therefore 4459.74W. At 4905.6rpm 
(514.192 rads-1), generating 6.44Nm of torque at the shaft, the motor mechanical power 
was 3311.40W and the electrical power loss in the motor and inverter drive was measured 
at 1141.49W. The efficiency of the transmission is 98% therefore 3245.17W is delivered to 
the wheel. The error between the calculated and actual output is 5.5W or 0.17%. This is 
well within acceptable tolerances. Figure 6.18 shows a Sankey diagram of these losses. 
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Figure 6.18 - Sankey Diagram - Validation of Power Losses in Topology C at 70.5kph 
 
6.7.2 Validation Against Existing Prototypes 
The 2010 Mercedes Benz B Class F-Cell vehicle uses an 80kW PEMFC, 1.2kWh Li-Ion 
battery and stores 4kg of hydrogen in a 700 bar fourth generation tank. The motor drive is 
more powerful than the system used in this simulation. It generates 100kW of peak power 
and 320Nm of torque (vs. 75kW and 260Nm in this study) [243, 244]. This accounts for its 
faster 0-60 time of 11.4s. The range is quoted at 400km for a 4kg tank. The new topology 
has a range of 505.24km for a 5kg tank and demonstrates that the range figure obtained by 
this study for the NEDC driving cycle is realistic and contemporary. The B class is a larger 
vehicle and has a kerb weight ~400kg more than the vehicle used in this study though it 
does have a lower drag coefficient of 0.26. The comparable range despite the extra weight 
would suggest the B class F-Cell drivetrain was more efficient and this is probably true, on 
the basis of available information the fuel cell stack will likely be 5-15% more efficient than 
the stack used in this study, which is now nearly 10 years old. The motor has also been 
changed from an AC induction motor in the previous F-Cell to a permanent magnet 
synchronous motor, increasing the efficiency of the motor drive as well. Overall the 
performance gain is claimed to be 30% [245] so the discrepancy in vehicle weight does not 
invalidate the comparison of vehicle range. 
 
6.7.3 Literature Validation 
Several studies in the literature detail vehicle range and efficiency for vehicles similar to the 
one built in this study. However the majority concentrate on describing and evaluating a 
single topology, rather than a broad range of topologies.  The results of the simulation were 
compared to the available data and were found to be within acceptable boundaries of the 
existing published data and comparable to other contemporary works. 
Motor & Inverter Drive Loss
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Ahluwalia et al. [137] simulated a slightly larger vehicle of around 2000kg that used a 
120kW PEMFC system and a Li-Ion battery that could deliver 55kW of peak power. The 
data suggests the fuel cell system had an average efficiency as much as 20% higher than the 
stack used in this study. The study also made use of regenerative braking and estimated that 
53% could be recovered in the J10-15 cycle, 34% in the US06 cycle and 35% in the NEDC 
cycle.  
 
The increased stack efficiency and use of regenerative braking explains the discrepancies 
between the two datasets. Ahluwalia concurs with Sharer et al. [197] in identifying that 
there is little opportunity to capture regenerative energy during the USHWY cycle and the 
difference between the two studies is negligible for that cycle.  
 
Given that the fuel cell stack used by Ahluwalia is more efficient, that would suggest the 
drivetrain arrangement of Topology C is more efficient. The vehicle efficiency for four of 
the driving cycles also simulated in this study is detailed below in Table 6.19. 
 
 
Driving Cycle 
Ahluwalia et al. 
MPGe 
New Topology 
MPGe 
Relative 
Difference 
NEDC 64 54.57 -14.73% 
USHWY 80 83.07 +3.83% 
US06 43 34.91 -18.81% 
J10-15 61 45.64 -25.18% 
Table 6.19 - Vehicle Range Ahluwalia et al. vs. Topology C Validation 
 
Hauer [125] used a fuel cell stack with similar efficiency in a fuel cell battery hybrid 
topology arranged as per Topology C. The study included regenerative braking and again as 
shown in Table 6.20 below the difference in efficiency is clear to see, though the increased 
efficiency for the US Highway Cycle would again suggest that the drivetrain arrangement is 
more efficient save for not considering regenerative braking. 
 
Driving Cycle 
Hauer 
MPGe 
New Topology 
MPGe 
Relative 
Difference 
US06 49 34.91 -22.63 
USHWY 70 83.07 +18.67% 
ECE 47 44.90 -4.47% 
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EUDC 63.7 62.19 -1.51% 
J1015 55 45.64 -9.36% 
Table 6.20 – Vehicle Efficiency Hauer vs. Topology C Validation 
 
6.8 Results Summary 
 
This chapter has presented the results generated by computer simulation of each of the 
vehicle power drive train topologies selected from the earlier high-level review. Each 
topology has had its efficiency, performance and control characteristics measured and 
described herein. Several significant observations about the vehicle topologies have been 
made and it is clear that Topology C is the most efficient topology and that Topology B is 
the highest performance topology. A high performance, high efficiency topology does not 
exist and some key differences between the behaviour of fuel cell electric vehicles under 
arduous loads when compared to battery electric vehicles has been observed. Some control 
inaccuracy has been observed but this has not had a significant impact on the outcome. 
Validation has been performed in qualitative and quantitative domains and the results fall 
within expected boundaries. 
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7 Discussion 
 
7.1 Introduction 
 
This chapter will draw on the results shown in the previous chapter and discuss the key 
themes that have arisen from them and this study as a whole and then proceed to show 
how this analysis was applied to identify the likely optimal design of future hydrogen fuel 
cell vehicles, conceptualise a new drive train topology that addresses some of the 
shortcomings of the existing topologies and suggest further modifications to the vehicle 
drive trains used to obtain further performance gains. 
 
7.2 Simulation Outcomes  
 
Given that half way through this thesis the results of a high level study of drive trains was 
presented it is important to highlight the knowledge, data and experience gained from the 
extensive work that went beyond the high-level study to design, implement, test and 
eventually run the simulation model for all the different topologies.  
 
The obvious gain from the simulation model was that it showed that the high level, steady 
state study was inaccurate and identified the wrong topology as the optimal drive train. The 
steady state analysis could not give us any provable conclusions about vehicle performance 
either and the wider advantage of the simulation was the wealth of data gained from 
methodically testing multiple drive trains against differing driving cycles. The steady state 
analysis could not have revealed the stark contrast between the different motorway driving 
cycles, nor the difference in performance between BEVs and H2FCEVs during arduous 
driving, an observation that will be critical to designing vehicles with acceptable 
performance and endurance. 
 
The difference between world markets highlighted by applying a broad range of driving 
cycles justified the decision to use an extensive range of driving cycles. Though aided by 
the advancing power of desktop computers, this study applied far more than was typically 
found in contemporary literature and has generated some significant observations as a 
result. 
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It was noted earlier that simulation is not a magic bullet in itself, but the study has shown 
that the optimal drive train will likely require a significant amount of design analysis to find 
the best sizing and ratio of power sources. Carrying this out by physical prototyping would 
probably be economically impossible for even a major automotive manufacturer and so 
simulation will likely play a key part in designing and perfecting the fuel cell vehicles of the 
future. Academia has much to offer in being part of this process, but the availability of data 
needs to improve. One regret of this study is that it was not possible to obtain empirical 
data for the latest fuel cell stack systems or motor drives that several manufacturers have 
announced since the project started to see how they would have affected the outcome of 
the simulation, but sadly any useful data has been kept entirely confidential and out of the 
public domain. 
 
7.3 Component Sizing & Hybridisation Ratio  
 
The results clearly show that the hybrid power source is heavily utilised during some 
driving cycles and barely used at all during others. This in itself asks several questions but 
principally what is the single optimum hybridisation ratio between the battery and the fuel 
cell system. The data only points to one conclusion – there isn’t one.  
 
In an ICEV, there are usually a few variants of an engine, but they are all built on the same 
block and simply electronically tuned or bored out to higher capacity to build higher or 
lower performance variants. With the fuel cell vehicle we may have an entirely different 
situation. The cost associated with having multiple fuel cell stack systems is likely to be 
prohibitive, and manufacturers thus far have generally used a single stack system across 
multiple prototype chassis sizes. Though this will expand, it is hard to envisage 6-10 
different fuel cell engines for a single range of cars being economical. The battery pack will 
scale more easily, but there is a cost to carrying around a hybrid power source that is going 
to go largely unused. Not only is it heavy, the batteries, controllers and cooling systems all 
have a financial price tag attached and a fuel cell stack and lithium ion batteries all carry 
significantly higher cost per W than an cast metal engine block. 
 
Conversely there is a performance disadvantage to having a vehicle with a battery that is 
too small or indeed a fuel cell that is too small and then the decision of which power 
source to make larger comes into play and the question becomes do you construct a FCEV 
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or a BEV with a fuel cell system that acts as a range extender and just recharges the battery. 
This study used the battery as a power source to compensate for the fuel cells transient 
response lag time but there is clearly scope for analysing a multitude of different energy 
management strategies to further optimise the use of each power source. 
 
The question of how to size and control components will arise, not between model ranges 
but within the same model dependant upon the type of driving the user intends to do and 
the part of the world they are driving in. There are compromises to be had potentially and 
single vehicle models could be made, but they are not ideal in an economic, engineering or 
scientific sense. The larger question is will the way we own and use cars have to change 
fundamentally to enable the uptake of H2FCEVs. 
 
From the engineering perspective, choosing a single drive train topology and then 
conducting large scale, automated simulation models that have multiple different models 
for varying sizes of fuel cell and battery systems that change and iterate through many 
thousands of hybridisation ratios and generate a dataset that can be analysed to determine 
the optimum ratio for different forms of driving. The simulation model constructed in this 
thesis could be adapted for this purpose, but the lack of available data on differing sizes of 
fuel cell and battery packs would prove a large stumbling block to any useful simulation 
activity. Linear scaling of existing components could be performed, but again it leads to 
uncertainty as to the accuracy of the results. 
 
7.4 Energy Storage System 
 
This study chose to use batteries alone for its energy storage system. When the review of 
existing topologies was undertaken there were fuel cell battery hybrid vehicles, and fuel cell 
super capacitor hybrid vehicles. It is clear that the fuel cell needs electrical energy to start-
up and that the super capacitors energy density and self discharge limitation mean that it 
cannot be used alone and provide an energy source that can be used to drive the vehicle 
away whilst the fuel cell is starting up. 
 
However, since the study started, the start-up time for fuel cells has decreased significantly. 
With new systems starting up in a few minutes rather than the eight minutes it takes the 
stack in this system to start, reducing the energy density required of the battery. Lithium 
ion battery technology has also not advanced as far as was hoped in 2004 and still has some 
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significant safety limitations around how it can be used in high power charge/discharge 
modes. Because it is an electro-chemical device and because it is necessary to interface the 
battery system to the DC bus through a DC-DC converter in the optimal topologies, there 
is a lag in how quickly the battery can respond to large steps in demand and similar limits 
on how much regenerative energy the battery can safely recover from the drive system.  
 
The ultra capacitor however is an electrostatic device and not constrained by the same 
safety constraints that hamper the lithium ion battery and has a much longer service life of 
around 1,000,000 full charge discharge cycles, compared to a few thousand for a typical 
lithium ion battery. In conjunction with deriving the optimal size between the battery and 
fuel cell it is likely that integrating an amount of super capacitor storage into the energy 
storage system could produce a system that requires less lithium ion battery cells but that 
can produce a higher peak power.  
 
The current choice of battery is a trade off between energy density and power density, with 
many parallel strings of cells in series necessary to produce the required peak power and 
endurance. In some driving cycles though the battery is barely used, with the low 
performance mode of driving requiring little compensation for the fuel cells slow transient 
response. In these situations the battery is an expensive dead weight. Fewer, more energy 
dense cells could be used with a DC-DC converter stepping up the voltage and a pack of 
ultra capacitors added to the bus side of the converter to cope with high transient power 
demands and to capture large quantities of regenerative braking energy. Consideration 
should be given to the addition of super capacitors into the energy storage system for any 
component sizing exercise that is undertaken. Recent studies have adopted this approach 
and suggested methods for controlling the flow of energy between the two energy storage 
devices and succeeded in capturing more regenerative braking energy whilst using a smaller 
battery [246-249]. 
 
7.5 Not Such a Global Market? 
 
The data shows a significant gap between the range/efficiency of the same topology when 
driven according to the driving patterns of different markets. Within each market the 
decline in range during urban driving of the H2FCEV is a few percentage points worse 
when compared to the BEV case. Idling losses in the fuel cell system are significant during 
urban driving where there are long periods sat at rest and unlike the ICEV, which can be 
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stopped and started almost at will, the lifespan of current PEMFC technology does not 
allow for repeated start-up and shutdown cycles and the time taken to start-up the stack, 
(typically around a minute) is prohibitive anyway.  
 
Though the hybrid energy source could be designed to provide the entirety of the fuel cells 
power output for short periods this will compound the problem of the battery being 
unnecessarily large and too expensive for the majority of its duty cycle. 
 
Both situations suggest that an optimal topology could be designed for each market and 
each mode of driving, but not a single topology that could be optimal for all of them. Like 
the component sizing optimisation just discussed, this will lead to larger product lines and 
is a sea change in how cars are currently sold. There are major manufacturing and social 
challenges to address if this is indeed how the automotive sector is to proceed.  
 
The manufacturing sector has already shown some signs of innovation on this front, 
creating common chassis like the GM Sequel, onto which different bodies can then be 
dropped. Adapting such a chassis concept to have different sizes of motor, battery and fuel 
cell would not be a revolutionary and would allow at least some commonality between 
models to reduce the manufacturing cost of producing so many different types of vehicle. 
 
The consumer side of the market may face somewhat more of a shakeup. The idea of 
owning a vehicle that will perform your daily commute adequately and then if you so chose 
will also drive 800 miles across the country at the weekend could be a thing of the past. 
Instead, much like some car sharing schemes running in major cities, consumers may 
subscribe to a car pool that gives them a certain number of days per year on differing 
vehicle types. Given how car ownership is identified with freedom and liberty in some 
countries this will likely not be an easy sell though it does make long-term sense. Although 
hydrogen can be entirely green and emission free, it will almost certainly not be cheap, nor 
a return to fuel costs of bygone eras. Driving around an inefficient vehicle fleet merely for 
convenience or fancy akin to the cars of the 1970s and 1980s will be prohibitively 
expensive, similarly driving a vehicle designed for a market in a different part of the world 
will not be a realistic prospect. 
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7.6 Performance or Efficiency? 
 
The simulation results present two clear choices of topology depending upon the desired 
optimal feature. Topology C where the DC bus voltage follows the fuel cell stack voltage 
and has no efficiency draining power converters in between the fuel cell and the drive is 
highly efficient. The simulations have shown that during most cycles the dominant power 
flow is from the fuel cell to the drive and so it is unsurprising that Topology C is the most 
efficient overall.  
 
 
Figure 7.1 - Topology C - The Most Efficient Drivetrain 
 
The performance of the topologies is highlighted by two cases. Topology A, the none 
hybrid H2FCEV failed the gradeability test, could not accurately follow the driving cycles, 
takes 35% longer to get from 0-60mph than Topology B and the overtaking speed is nearly 
57% greater. Topology A proves the conclusion of multiple references in literature that the 
FCEV drivetrain needs to be hybridised with an energy storage system to create a viable 
vehicle. 
 
 
Figure 7.2 - Topology B - The Highest Performance Drivetrain 
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Topology B is the highest performance of the H2FCHEV. The fixed DC bus voltage 
ensures the motor can generate maximum power at all times. This performance has a 
penalty as the range of Topology B is typically 10% less than Topology C. Topology D also 
attains high performance, but the arrangement of its drive train means it is even less 
efficient than Topology B.  
 
Topology E is less efficient than Topology C and also impractical/unsafe when using Li-
Ion batteries as the battery charging voltage is non-optimal and the battery cannot be 
isolated from the bus in case of a dangerous situation. Topology F is also impractical on 
the same grounds and much like Topology D, the arrangement of a separate converter to 
fix the DC bus voltage is a highly inefficient method of obtaining high performance. 
 
Ultimately the choice is stark. Unlike a modern ICE though, tuning the FCEV for 
performance is not a matter of remapping an engine or adding a relatively cheap 
turbocharger to yield 10-40% performance gains from what is pretty much the same engine 
block. It’s a choice between two very different power train arrangements with different 
costs and packaging implications. 
 
7.7 New Topology 
Topology Q was proposed by Bizon [167] as a more efficient way of charging the battery 
pack in Topology B (though it is equally applicable to Topology C). The idea uses a small, 
fixed operating point, highly efficient converter to charge the battery rather than charging 
the battery through the main DC-DC converter that is relatively in efficient at low loads. 
To prolong battery life, relatively low 1C charging rates are used and if there is heavy usage 
of the energy storage system then the penalty paid whilst recharging the battery could be 
significant over the course of an arduous driving cycle. 
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Figure 7.3 - Topology Q 
 
Whilst analysing the results of the simulation though it became clear there was a greater 
opportunity for further optimising the arrangement of the power drive train. Topology C 
has higher efficiency because in most operating points power is flowing from the fuel cell 
stack through a power diode to the drive. Topology B yields high performance by fixing 
the bus voltage with a DC-DC converter to the maximum drive input voltage, ensuring 
that maximum torque is available at any given instant. In the majority of driving conditions 
however, maximum torque is not required. 
 
The proposed solution was to create a topology that could do both. By bypassing the DC-
DC converter when high performance was not needed with a thyristor the power pathway 
from the fuel cell to the drive could be maintained at efficiencies close to that of the fuel 
cell and power diode alone. Although the thyristor is slightly less efficient than a power 
diode, due to gate losses and a slightly higher on state voltage drop, it is still considerably 
more efficient than the DC-DC converter, especially at low loads. The arrangement of the 
bypass thyristor in the “New Topology” is shown overleaf in Figure 7.4. 
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7.7.1 New Topology Overview 
 
Figure 7.4 - New Topology 
 
Once the concept had been proposed, implementing it into the simulation model was 
relatively straightforward. A suitable thyristor device was found, the ABB 5STF 07D1414 
[250]. It was clear from the device datasheet that the rise time of the device was 
significantly less than a single simulation step (0.000005s vs. 0.05s). The model did not 
therefore need to simulate the turn on transient phase of the thyristor so long as it took 
into account the power dissipated by the device gate every time it is turned on and off. The 
model then simply has to simulate the on state voltage drop across the device and power 
loss in a similar way to the existing diode model. The on state voltage drop characteristic 
was obtained from the data sheet. Like the other models in the simulation, thermal effects 
are ignored and it was assumed the device was properly cooled during the simulations. It is 
also assumed that the gate is fired repeatedly until the thyristor device latches into its on 
state. 
 
Control of the arrangement was a two-stage development process. The original method 
published in [251] required driving cycles to be pre-analysed. Each cycle was then matched 
with a control file that switched the DC-DC converter and thyristor on and off at 
appropriate points when high-performance or high-efficiency was required. This method 
proved cumbersome though and so the control process was refined. Instead the rate of 
change of acceleration was monitored, and when it exceeded 0.5ms-2 the DC-DC converter 
is switched into the circuit. 
 
H2FC
DC
AC
M T
x
DC
DC
DC
DC
DC
DC
 228 
Since the fuel cell is a voltage source, and the DC-DC converter will raise the bus voltage 
above the fuel cell stack voltage, when the DC-DC converter is turned on the thyristor will 
become reverse biased and will turn off with no need for external control. 
 
The MATLABSimulink model simulates both the DC-DC and thyristor at each simulation 
step and simply turns each one on and off as required. Once the thyristor model was 
constructed and validated against the manufacturers data, the new topology was simulated 
with the full range of driving cycles to see if it yielded any efficiency or performance gains. 
 
7.7.2 New Topology Results 
The new topology delivered a new drive train arrangement that had the positive aspects of 
both Topology C and Topology B/Q. The performance was an improvement over 
Topology C with a 0-60mph time of and the efficiency significantly improved over 
Topologies B &Q. 
 
 
Figure 7.5 - New Topology System Voltage vs. Power 
 
Figure 7.5 shows how the switching control schema is working, with the higher of the two 
flat peaks on the voltage waveform being when the DC-DC converter is active and 
associated with periods of peak power demand. The lower of the flat peaks is the no-load 
condition of the fuel cell system By way of comparison Figure 7.6 shows the system 
voltage during the US06 cycle for Topology C and illustrates that during periods of similar 
peak demand, the voltage collapses down towards 250V. 
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Figure 7.6 - Topology C US06 Driving Cycle System Voltage 
 
Figure 7.7 shows the relationship between the voltage being fixed for high performance 
and the speed profile and confirms that once the vehicle has accelerated to a certain point 
and the rate of acceleration decreases the control system bypasses the DC-DC converter 
with the thyristor and uses the highest efficiency power pathway again. 
 
 
Figure 7.7 - New Toplogy US06 Driving Cycle Speed vs. Voltage 
Table 7.1 shows the new topology efficiency data relative to the other topologies of interest 
highlighted in Chapter 6. Although not as efficient as Topology C, the gain over Topology 
B & Q is readily apparent. Table 7.2 confirms this, illustrating the more efficient utilisation 
of power from the fuel cell, both to the battery and drive. It also shows the benefit of 
fixing the bus voltage at 400V during periods of high acceleration. As stated previously, at 
low voltage and high load, the motor drive is relatively in efficient, by using a high voltage 
for high performance peaks and letting the voltage float during other periods the fuel cell 
to drive efficiency is actually higher than any of the other topologies simulated previously. 
The control mechanism is relatively crude and it could be developed further to adjust and 
control the system voltage in order to track the maximum efficiency point of the motor 
drive at any given point, potentially yielding further performance gains. 
 
 230 
7.7.3 New Topology Efficiency & Range 
 
Topology 
Drivetrain 
Type 
MPGe 
(Urban) 
MPGe 
(Extra Urban) 
MPGe 
(Highway) 
MPGe 
(Combined) 
MPGe 
(Real World) 
B H2FCHEV 33.91 47.52 50.05 43.97 40.96 
C H2FCHEV 37.65 51.82 53.92 48.13 44.78 
J BEV 87.79 120.77 127.16 110.06 101.70 
Q H2FCHEV 33.86 47.35 50.02 43.73 40.80 
NEW H2FCHEV 35.99 50.03 52.51 46.25 43.24 
1.6l Ref ICEV 29.7 49.6 N/A 39.8 N/A 
Table 7.1 - Driving Mode Efficiency - New Topology 
 
Topology 
Fuel Cell 
Efficiency 
Battery System 
Efficiency 
Battery 
Charging 
Efficiency 
Motor Drive 
Efficiency 
Fuel Cell to 
Road 
Efficiency 
Battery to 
Road 
Efficiency 
B 39.34% 80.32% 43.02% 72.11% 28.37% 57.92% 
C 44.47% 79.15% 43.25% 72.01% 32.02% 57.00% 
Q 39.42% 80.32% 45.57% 72.23% 28.47% 58.02% 
NEW 40.35% 79.55% 46.76% 73.11% 29.50% 58.20% 
Table 7.2 - Drivetrain Electrical Efficiency - New Topology 
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7.7.4 New Topology Range By World Market 
 
Topology Drivetrain Type 
Range by World Market (km)  
EU US JP 
A H2FCEV 528.83 471.53 438.91 
B H2FCHEV 469.41 424.74 393.20 
C H2FCHEV 517.28 464.83 429.87 
D H2FCHEV 464.26 420.96 389.68 
E H2FCHEV 474.45 430.48 388.19 
F H2FCHEV 439.76 401.85 370.79 
I H2FCHEV 496.72 434.88 434.12 
J BEV 223.25 202.74 182.42 
Q H2FCHEV 468.95 423.08 391.70 
New 
Topology 
H2FCHEV 498.98 448.82 415.12 
Table 7.3 - Range by World Market - New Topology 
7.7.5 New Topology Performance  
 
Topology Drivetrain Type 50-70mph (s) Relative 50-70mph Time 
NEW H2FCHEV 7.71 +0.6% 
B H2FCHEV 7.66 - 
C H2FCHEV 9.19 +20.0% 
J BEV 6.79 -11.6% 
Q H2FCHEV 7.66 - 
Table 7.4 - New Topology Passing Speed Comparison 
 
Topology Drivetrain Type 0-60mph (s) Relative 0-60mph Time1 
NEW H2FCEV 13.82 +0.8% 
B H2FCHEV 13.71 - 
C H2FCHEV 15.27 +11.4% 
J BEV 12.73 -7.2% 
Q H2FCHEV 13.71 - 
1.6l Ref2 ICEV 11.60 -15.4% 
Table 7.5 - New Topology 0-60mph Acceleration Test Comparison 
                                                
1 The relative 0-60mph and 70-50mph times are quoted relative to the highest performance H2FCEV topologies, 
Topology B and Topology Q. 
2 The reference case is a 1.6l petrol ICEV production version of the vehicle, the chassis of which this simulation model 
was based upon. 
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7.7.6 New Topology Summary 
The “New Topology” can achieve the performance of Topology B when required and it 
has more than halved the range deficit between Topology B and Topology C and increased 
the efficiency by nearly 3 MPGe. Although this increase may seem small, the control of the 
switching is currently an absolute. Adaptive switching may yield further performance gains. 
The original switching method of programming the switching to occur at certain points 
during the driving cycle produced around a 20km gain in urban range. The new switching 
method has increased that by half as much again to nearly 30km. Sensitivity analysis of the 
control schema for each specific driving cycle could generate a dataset that could be 
algorithmically integrated into the control loop to optimise each individual cycle. 
 
It is also a relatively low cost topology to build as the thyristor is a cheap piece of electronic 
hardware and the control is an extension of the existing vehicle ECU. There is some 
associated cooling requirement, but nothing that would be beyond the capability of the 
existing vehicle cooling system. 
 
7.7.7 New Topology Validation 
The new topology was again validated using the available data in the literature. Since the 
New Topology falls between Topology C and B, the earlier validation were still expected to 
hold true and this is shown in Table 7.6 and Table 7.7. 
 
Driving Cycle 
Ahluwalia et al. 
MPGe 
New Topology 
MPGe 
Relative 
Difference 
NEDC 64 52.63 -17.77% 
USHWY 80 80.57 +0.71% 
US06 43 34.78 -19.12% 
J10-15 61 44.08 -27.73% 
Table 7.6 - New Topology vs. Ahluwalie et. al Literature Validation 
 
Driving Cycle 
Hauer 
MPGe 
New Topology 
MPGe 
Relative 
Difference 
US06 49 34.78 -29.02% 
USHWY 70 80.57 +15.10% 
ECE 47 43.10 -8.30% 
EUDC 63.7 60.20 -5.49% 
J1015 55 44.08 -19.85% 
Table 7.7 - New Topology vs. Hauer Literature Validation 
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7.8 Vehicle Design Optimisation 
 
“If I had asked people what they wanted, they would have said faster horses.” 
Henry Ford (1863-1947) 
 
Though there is some doubt as to the exact veracity of the quote, the sentiment is one 
Ford expressed on many occasions. Its relevance now is that it is important for this study 
to highlight the potential pitfalls of incremental development over step change. The large 
majority of future vehicle roadmaps show a steady progression towards the alternative 
fuelled vehicles of the future and whilst some cars have challenged the status quo, the 
majority build on the current design traditions that have remained largely unchanged for 
decades. More recently Steve Jobs went to great lengths to develop products, not that 
people were asking for, but that he thought they needed. Although such autocratic 
visionaries are probably wrong more often than they are right it does highlight the issue of 
whether continuous, incremental development will be the most effective way of developing 
alternative fuelled vehicles and introducing them to the market place or whether a more 
radical launch of new car designs should accompany the change in fuel. 
 
The introduction of Hydrogen vehicles would be a disruptive step to begin with; there is 
no shying away from the vast scientific, engineering and social challenges that stand 
between mankind and a hydrogen economy. Compromising the vehicle system on the basis 
of marketing or manufacturing concerns alone could be a mistake. This study has analysed 
the, sometimes marginal, effects of different configurations of electrical and electronic 
components in the drivetrain. Every 1% increase in efficiency of a drivetrain is worthwhile 
in that ultimately the vehicle can travel further on less fuel, is cheaper to run and whilst 
hydrogen is generated from or with fossil fuels has less environmental impact. There are 
some other aspects of vehicle design that could have substantial impacts on the efficiency 
and performance of the H2FCHEV. By quantifying these design changes and applying 
them to the simulation model some of the potential gains that could be built on by further 
works were highlighted and are briefly set out in this section. 
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7.8.1 Aerodynamics 
Nearly two decades ago the General Motors EV1 had a drag coefficient of 0.19. Today, the 
average drag coefficient of typical passenger vehicles is around 0.30, although the Toyota 
Prius HEV has an optimised coefficient of 0.25. 
 
The drag coefficient is the main area of vehicle design optimisation where there is a 
conflict between safety and performance. Using carbon fibre both reduces weight and 
increases crash survivability. Gluing body panels eliminates costly fasteners and reduces the 
force of impact and allows cars to crumple in a predictable manner and dissipate the energy 
of an impact rather than transfer it to the passengers and pedestrians. Reducing the drag 
coefficient though generally results in a vehicle frontal shape that can increase the risk to 
pedestrians involved in any collision with the vehicle. 
 
Using the new topology as the basis for the most optimal H2FCHEV design, the drag 
coefficient was reduced and a further full set of simulation tests was conducted with the 
new topology to quantify the efficiency gain from optimising the aerodynamic profile of 
the vehicle. 
 
 
Topology 
Drivetrain 
Type 
MPGe 
(Urban) 
MPGe 
(Extra Urban) 
MPGe 
(Highway) 
MPGe 
(Combined) 
MPGe 
(Real World) 
B H2FCHEV 33.91 47.52 50.05 43.97 40.96 
C H2FCHEV 37.65 51.82 53.92 48.13 44.78 
J BEV 87.79 120.77 127.16 110.06 101.70 
Q H2FCHEV 33.86 47.35 50.02 43.73 40.80 
NEW H2FCHEV 35.99 50.03 52.51 46.25 43.24 
Low Drag H2FCHEV 36.06 51.68 55.23 46.88 43.47 
1.6l Ref ICEV 29.7 49.6 N/A 39.8 N/A 
Table 7.8 - Driving Mode Efficiency - Low Drag Vehicle 
 
As could be expected, the most significant impact of reducing the drag coefficient is seen 
during highway driving as wind resistance increases with the square of velocity. For urban 
driving the effect is negligible. 
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7.8.2 Materials 
Predominantly, most passenger vehicles are still made largely from steel. There has been 
significant advancement in construction with panel gluing techniques simplifying 
construction improving safety and reducing weight. Increased use of plastics has also 
achieved weight reduction but most of these gains have been offset by the change in 
vehicle size. 
 
The average car being larger than 30 years ago is an advantage given the current packaging 
requirements of fuel cell engines. Unless stack and tank sizes decrease significantly, midsize 
and above vehicles will be needed to package the system, maintain comfort and leave 
useful cargo capacity and vehicle range. The battery is not so much of a concern as it can 
be distributed around the vehicle and the small cell size means they can, if necessary, be 
spread around the chassis and hidden away in all manner of places. This approach does 
however increase cost substantially over a single battery module system. 
 
The aerospace industry has long made extensive use of lightweight materials. Aluminium 
and magnesium alloys are not new technology but they are still relatively expensive 
compared to steel. Carbon fibre sees extensive use in performance and racing vehicles and 
with improvements in the mass manufacturing techniques and reduction in cost could 
reduce weight even more than aluminium. This study has stressed efficiency and cost 
challenges facing hydrogen as a fuel and it would be amiss not to give consideration to how 
the material used to make the vehicle influences how efficiently that fuel can be utilised. 
 
McKinsey & Company produced a report in January 2012 [252] that examined the 
application of lightweight materials, namely carbon fibre and aluminium alloys, to reduce 
passenger vehicle weight. The report generated three cases where the application of 
different mixes of materials could be used to reduce the weight of a passenger vehicle: 
 
1. Conventional Lightweight, LW (18% Weight Reduction). 
2. Moderate Lightweight, MLW (30% Weight Reduction). 
3. Extreme Lightweight, ELW (35% Weight Reduction). 
 
The material composition of these packages is shown in Figure 7.8 [252]. The reductions 
were applied to the basic mass of the vehicle chassis used for the simulation model. 
Although it is probable some weight could also be saved in the components of the 
drivetrain, the McKinsey study does not address this and so it is assumed the weight saving 
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is applied to the chassis only. Models for the three weight reduction cases were created, 
based on the new topology, and the full range of simulation tests was repeated for each. 
Additionally, the ELW vehicle was modelled for a second time with a drag co-efficient of 
0.19 to model the affect of both weight and drag reduction simultaneously. 
 
 
Figure 7.8 - Vehicle Weight Reduction by Application of Lightweight Materials [252] 
 
Topology 
Drivetrain 
Type 
MPGe 
(Urban) 
MPGe 
(Extra Urban) 
MPGe 
(Highway) 
MPGe 
(Combined) 
MPGe 
(Real World) 
B H2FCHEV 33.91 47.52 50.05 43.97 40.96 
C H2FCHEV 37.65 51.82 53.92 48.13 44.78 
J BEV 87.79 120.77 127.16 110.06 101.70 
Q H2FCHEV 33.86 47.35 50.02 43.73 40.80 
NEW H2FCHEV 35.99 50.03 52.51 46.25 43.24 
Low Drag H2FCHEV 36.06 51.68 55.23 46.88 43.47 
LW H2FCHEV 40.33 55.61 57.75 51.50 48.03 
MLW H2FCHEV 43.70 60.18 61.69 55.73 51.99 
ELW H2FCHEV 45.37 62.29 63.65 57.69 53.91 
ELW Low 
Drag 
H2FCHEV 45.65 64.37 67.21 58.93 54.51 
1.6l Ref ICEV 29.7 49.6 N/A 39.8 N/A 
Table 7.9 - Driving Mode Efficiency 
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Topology 
Drivetrain 
Type 
MPGe 
(Urban) 
MPGe 
(Extra Urban) 
MPGe 
(Highway) 
MPGe 
(Combined) 
MPGe 
(Real World) 
B H2FCHEV -9.92% -8.31% -7.18% -8.65% -8.53% 
C H2FCHEV - - - - - 
J BEV 133% 133% 134% 128% 127% 
Q H2FCHEV 10.05% -8.63% -7.23% -9.16% -8.88% 
NEW H2FCHEV -4.40% -3.45% -2.60% -3.92% -3.43% 
Low Drag H2FCHEV -4.20% -0.28% 2.44% -2.60% -2.93% 
LW H2FCHEV 7.13% 7.30% 7.10% 6.99% 7.26% 
MLW H2FCHEV 16.08% 16.13% 14.42% 15.79% 16.11% 
ELW H2FCHEV 20.50% 20.20% 18.05% 19.86% 20.40% 
ELW Low 
Drag 
H2FCHEV 21.25% 24.21% 24.65% 22.42% 21.72% 
Table 7.10 - Relative Driving Mode Efficiency 
 
As Table 7.9 and Table 7.10 show, the improvement by reducing the weight of the vehicle 
is significant across all modes of driving with 20% gains seen nearly across the board in the 
ELW package. To put that into some context, a driver currently filling an ICEV with a 55l 
tank once a week would see an annual reduction in their fuel bill of around £800. 
 
7.8.3 Fixed Gearing 
Electric vehicles tend to use a single fixed gear transmission and differential. There are 
good reasons for this but it does limit acceleration performance and could adversely affect 
motor efficiency. The torque characteristics of an electric motor compared to petrol 
engines are very favourable but they are not the sole competition. Diesel engine technology 
has advanced more than any other in recent years and the marketplace is replete with diesel 
vehicles capable of 55-65mpg and sub 8 second 0-60mph times with a peak torque in 
excess of 500Nm. The latest iterations of the 4th generation common rail engine vehicles 
have gone even further, the BMW F30 330D for instance, generates 265bhp from a 3l 6-
cylinder diesel engine that can achieve in excess of 50mpg on the motorway yet accelerate 
to 60mph in 5.6 seconds. It uses an 8 speed automatic transmission. It is reasonable to 
expect this performance to increase further in the years before H2FCEV are introduced. 
 
The fixed gear whilst being more efficient than a multiple gear transmission reduces the 
available torque at the wheels at low speeds and limits the top speed of the vehicle. 
Ultimately, motors capable of generating higher torque will improve the acceleration 
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performance and probably negate the need for variable gearing, but the effect of increasing 
the gear ratio to that similar to 1st gear in a medium sized passenger ICEVs was simulated. 
The gear ratio was increased to 13.38:1 and a 10.7% reduction in the 0-60mph time was 
achieved as shown in Table 7.11. 
 
Topology Drivetrain Type 0-60mph (s) Relative 0-60mph Time1 
B (9.8:1) H2FCHEV 13.71 - 
B (13.38:1) H2FCHEV 12.25 -10.7% 
J BEV 12.73 -7.2% 
1.6l Ref2 ICEV 11.60 -15.4% 
Table 7.11 - Modified Gear Ratio Performance Data 
 
7.9 Consumer Acceptance 
 
The primary research question identified that regardless of whether or not the fuel cell 
vehicle was technically possible, it being accepted by the consumer was also of critical 
importance to the study and to the future of the field. Having undertaken the review and 
simulation work it is important to consider how the public may receive the H2FCEV. 
 
Existing alternative fuelled vehicles have been met with a popular response from 
consumers defined as innovators. Current alternative fuel vehicles, mainly consisting of 
HEVs and PHEVs, with a minority of EV, have a market share of 1.4% in the UK [5]. In 
‘The Diffusion of Innovations’, Rogers defines ‘innovators’ as being 2.5% of the market 
[1]. They are classified as being willing to take risks and adopt technologies that may 
ultimately fail and have the financial ability to take these risks with little consequence. 
Though an important group in their own right, the second category of innovators is key to 
a technology or idea diffusing into the mass market. The second category is classified as 
‘early adopters’ and they account for 13.5% of the market. They also have the greatest 
influence with the next category, the ‘early majority’ and it is only buy capturing the early 
majority that an innovation can start to reach critical mass and approach 50% market share. 
Diesel cars currently hold 49.8% of the UK market and gasoline cars 48.8%. 
 
                                                
1 The relative 0-60mph and 70-50mph times are quoted relative to the highest performance H2FCEV topologies, 
Topology B and Topology Q. 
2 The reference case is a 1.6l petrol ICEV production version of the vehicle, the chassis of which this simulation model 
was based upon. 
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The consumer will want to be assured of several features before considering the H2FCEV 
as a product ready for the mass market, namely: 
 
 Are they safe? 
 Can they do everything with it that they can in their current vehicle? 
 How far can they drive in one? 
 Can it easily be refuelled in as many locations as petrol and diesel cars can at a 
reasonable price? 
 Are they affordable to purchase and maintain? 
 Will they last as long as current vehicles? 
 What is the environmental impact? 
 
Safety is likely a matter of potential misperception risk alone that can be solved with proper 
marketing and effective public information strategies. Hydrogen gas storage cylinders will 
likely be safer than current steel, aluminium or plastic petrol and diesel tanks. In the event 
of a fire, hydrogen is much safer than petrol. 
 
The H2FCEV can be manufactured in a vehicle body similar to existing vehicles with a 
minor reduction in the volume available for storage in the passenger compartment due to 
the increase in size of the fuel storage system. It is likely that vehicles designed specifically 
to accommodate a fuel cell power train could eliminate this reduction in volume. The 
reduction in volume seen in prototype vehicles is due to them being built on existing 
combustion engine vehicle platforms that have not been designed for the purpose. From 
the driver experience perspective, the driver will be able to get in, press a button/turn a 
key, start the vehicle and press an accelerator to drive away. Performance will be in line 
with existing vehicles and high performance vehicles can be made for the high end of the 
market. Hydrogen cars can be driven for hundreds of kilometres and refuelled in less than 
five minutes from a fuel dispenser that is very similar to existing petrol and diesel pumps. 
 
The affordability of the hydrogen vehicle is a question that is at this stage hard to answer 
definitively. Much progress has been made in recent years but the use of materials such as 
platinum in the fuel cell and carbon fibre in the hydrogen storage system are likely to result 
in a higher cost compared to ICEV technology. If the use of materials can be minimised or 
eliminated then the question will be how much of a cost differential remains once other 
costs have been brought down by the economies of scale that result from mass production. 
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Hybrid and electric vehicles have shown that innovators will pay a premium for alternative 
fuel vehicles, but cost parity with existing vehicles is likely to be necessary before mass-
market penetration can occur. A 2012 study prepared for the US government estimates 
that at 500,000 unit volumes, a PEMFC system will cost around $46.95/kW [253]. The UK 
Carbon Trust estimates that this must fall to around $36/kW for fuel cell vehicles to 
compete at scale with the internal combustion engine which currently cost around $25-
35/kW [254]. 
 
The ability to refuel a vehicle in a cost effective and convenient manner is likely to be the 
biggest challenge for the fuel cell vehicle. Government funding will be needed to provide 
the hydrogen infrastructure, as without it there becomes a multi-actor chicken and egg 
situation. Consumers will not buy vehicles they cannot refuel, energy companies will not 
manufacture fuel they cannot distribute and fuel retailers will not sell a fuel in all their 
outlets unless there is a large customer base driving hydrogen vehicles to sell it to. A recent 
report by McKinsey & Company estimates the cost of infrastructure associated with 
H2FCEVs to be £800 - £1600 per vehicle and that within Europe, the total capital 
investment required for a large scale roll out of hydrogen supply infrastructure to be 
around £80 billion between 2010 and 2050 [255]. 
 
The retail cost of Hydrogen fuel will likely be prohibitive unless each part of the supply 
chain is done at scale and without the fuel being cost competitive, the environmental 
benefit alone is unlikely to precipitate and achieve mass-market adoption. In a recent 
survey by the UK Office for Low Emission Vehicles, some 58% of private purchasers and 
43% of business purchases cited saving money on fuel as the primary reason for 
purchasing an EV over an ICEV [6]. The European cost targets for hydrogen are £4.40/kg 
by 2025, at this price. Taking Topology C during the NEDC driving cycle, this would 
equate to a cost of £0.04/km. Taking the 1.6l reference ICEV during the NEDC driving 
cycle and the current cost of petrol to be £1.30/l, the cost per km for the petrol vehicle is 
£0.09/km. All parties seem to agree that the price of oil is only likely to increase in coming 
years, but assuming prices were to remain static, refuelling a H2FCEV in 2025 will be twice 
as cheap as a comparable ICEV. This reduction in running cost may allow the retail price 
of fuel cell vehicles to be higher without damaging the mass-market appeal. 
 
The environmental impact of running a H2FCEV will largely be dictated by infrastructure 
development in the hydrogen supply chain. If the hydrogen is generated by electrolysis 
from renewably generated electricity then the carbon footprint of the vehicles will be zero. 
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If the hydrogen is made by reforming natural gas, the carbon footprint will likely be similar 
to that of fossil fuel vehicles however the particulate emissions by the vehicles themselves 
will be eliminated, delivering a benefit to local air quality around roads. 
 
The durability of the vehicles is again mainly a question of materials technology. The 
current average age of the UK vehicle fleet is 7.6 years [5]. The main limitation on the 
lifespan of the H2FCEV is currently the lifespan of the fuel cell stack and the endurance of 
the lithium ion batteries in the energy storage system. If we assume two journeys a day for 
a typical car, over the lifespan of the vehicle there are ~5,500 engine starts. On a typical 
journey it is unlikely the battery will be fully depleted and fully recharged so with careful 
SOC control the lifespan of the battery should be sufficient. However there is a limit to the 
number of times the fuel cell stack can be started up and shut down however current 
expectations for fuel cell technology in development are that the new generation of 
PEMFC systems will be able to meet durability requirements. 
 
7.10 Manufacturing Considerations 
 
There is no underestimating the scale of change that will be required of manufacturers in 
order to mass-produce fuel cell vehicles. New technologies that most manufacturers have 
limited or no previous experience of will need to be developed and integrated into 
production lines. The level of quality control required on some components will greatly 
exceed that currently required for internal combustion engines and many of the 
technologies will be being deployed at scale in an automotive application for the very first 
time. This will be expensive and full of risk for the automotive industry and it is not 
something they will do lightly. 
 
Vehicle designs that have incorporated many common features for many years will need to 
be redesigned from scratch with a large change to the design methodology. Fuel cell 
assembly and integration will need cleanroom facilities which to date have only been built 
and used in production lines by very high-end sports car manufacturers. 
 
History has shown that the stick of regulation and the carrot of government subsidy has 
been the greatest driver of innovation other than the primary drive of consumer demand in 
the automotive sector. Left with no external stimuli, new features and innovations are 
largely determined by what can be implemented in the most cost effective manner and sold 
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for the most profit. The political will to invest in this new era will be as important as the 
manufacturers capability to deliver it.  
 
Beyond manufacture, entire portions of the vehicle-servicing sector will also need to retool 
and reskill to deal with pressurised gas systems, fuel cells, power electronics and electric 
drives. 
 
Despite these impediments, nothing about the fuel cell vehicle suggests that there will be 
insurmountable problems in manufacturing it on a large scale and the flexibility of how the 
various components can be packaged compared to existing engine technologies may offer 
the opportunity for manufacturers to design some innovative and exciting vehicles. 
 
The environmental benefits of fuel cell vehicles will support manufacturers in marketing 
them to consumers and businesses but the manufacturers will likely not build large scale 
production facilities without confidence that the infrastructure to support the vehicles will 
exist by the time they bring them to market. As with the infrastructure aspect of the 
hydrogen economy, this will need government investment and support to stimulate and 
drive innovation. 
 
One-thing manufacturers must avoid and must be supported in, is delivering products 
without serious flaws or limitations that could prevent the innovation diffusing to the mass 
market. As the safety issue with lithium batteries on the Boeing 787 has shown, cutting 
edge technologies present risk as well as benefit and a major safety or performance issue 
with an early fuel cell vehicle could present a serious risk of consumer rejection to the 
whole concept.  
 
7.11 Regenerative Braking Simulation 
 
There are two main areas where reflection has made it apparent that the simulation model 
could be improved. The decision to exclude regenerative braking was taken due to the 
limited availability of computational power, but as became apparent in the validation that 
decision has reduced the efficiency of each of the topologies simulated. 
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Not all driving cycles offer large opportunity for regenerative braking, but that is an 
important area to have knowledge of itself, as it may affect the suitability of a given 
topology for a particular market. 
 
Compared to 2004 when this project started, the computing power that is available for a 
similar investment is remarkable. 64 bit operating systems have removed the limit on RAM, 
meaning simulations can run entirely in memory. Processor technology has improved 
significantly and workstation CPUs now feature 8-12 cores where they previously had one 
or two. These cores are running at higher clock rates, feature hyper-threading that can in 
some situations double the number of calculations performed and require less power. The 
memory bus is running at twice the speed and solid-state disc storage has increased the 
speed of writing to disc by a factor of ten. Given this, it is important to state that it would 
no longer be necessary to exclude regenerative braking from any further work or similar 
study. The only grounds for excluding it were computational, and those restrictions no 
longer apply. 
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8 Conclusions 
 
8.1 Introduction 
 
In this final chapter the original aims of the research project will be reviewed and 
conclusions drawn on the basis of the work contained within this thesis. The conclusions 
are based on a wide-ranging review of the subject area, critical analysis of comparable work 
in the same field, extensive computer modelling analysis and interpretation of the results. 
 
8.2 Analysis of Fuel Cell Vehicle Power Drive Train Topologies 
 
The primary goal of this project was to build a tool to enable the quantitative analysis of 
different configurations of H2FCEV power drive trains. A literature review was undertaken 
to identify all the different existing drive train architectures and methods of simulating fuel 
cell vehicles. After a comprehensive review of software tools MATLAB Simulink was 
selected as the most suitable simulation software and a vehicle model and common set of 
power drive train subsystem components was designed and implemented in the simulation 
environment. Each subsystem was tested before the different topologies were assembled 
into the final simulation environment for each vehicle. A BEV simulation model was also 
constructed to allow the H2FCHEV to be compared directly with what is likely to be its 
main competitor in the future automotive marketplace. The model was validated with 
empirical data and by comparison against existing data and published studies. The models 
performance compared favourably to some of the existing works and where there were 
deficiencies the cause was readily identifiable. 
 
 A collection of driving cycles which represented the legislative testing cycles of the worlds 
three major automotive markets, Europe, North America and Japan and the Far East. In 
addition, newly developed real world driving cycles were used to further test the simulation 
model and ensure the simulation was not affected by modal cycles only testing a few of the 
operating points of the power drive train. 
 
The extensive set of results and built the largest collection of different drive train 
architectures simulated against a common set of tests that allowed their relative 
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performance to be evaluated in a way the data available in the existing literature does not. 
Previous works have not tested multiple topologies against multiple markets cycles before 
and the results were revealing. 
 
The major conclusions of this thesis are: 
 
1) Hydrogen fuel cell electric vehicles need a hybrid power source in the drive train to 
deliver acceptable performance. 
2) There is no single suitable power drive train for all world markets and different 
markets around the world will likely need different drive train topologies to be 
optimised to the specific local driving needs. The differences between the differing 
markets and modes of driving were so significant that it leads this thesis to 
conclude that in the future the concept of a multi-role vehicle may change and 
vehicles will become more task specific. 
3) The current state of the art leads to a choice between performance and fuel 
economy. No single drive train currently delivers both across multiple modes of 
driving. 
4) The H2FCHEV already exceeds the range capability of the BEV and the refuelling 
time is minimal.  
5) “Range anxiety” should not be a problem for the H2FCHEV in the way it has been 
for the BEV.  
6) The relative sizing of the components in the power drive train is likely of critical 
importance to the performance of the H2FCHEV. The sizing of components for 
optimal highway driving will likely be inappropriate for optimal urban driving. 
 
8.3 Development of New Topology 
 
This study developed a novel H2FCHEV drive train topology to go some way to 
addressing the compromise between economy and performance in existing drive train 
architectures. The topology, despite the relatively simple approach to controlling it first 
adopted, delivered tangible gains without significantly complicating the control, design or 
cost of the drive train. A minor improvement to the control process yielded a further 50% 
gain in efficiency and there is reason to be optimistic that further development may bring 
more gains. 
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8.4 Assessment of the Potential for Hydrogen 
 
Hydrogen offers the potential answer to the clean energy question. However as this study 
has highlighted, the question of how, when or indeed if it will be adopted as an energy 
carrier on a large scale is a very difficult one to answer. There have been many promised 
dawns for the “hydrogen economy” that have all failed to materialise. It is not a question of 
its promise being misunderstood and more one of timing. 
 
 
Figure 8.1 - Popular Mechanics July 1960 
Popular Mechanics ran an article in July 1960 heralding the great promise of the fuel cell. 
Similar articles have appeared in every decade since but the interest in hydrogen generally 
waxes and wains with the prevailing economic climate and the oil price. As long as oil is 
perceived to be affordable, the hugely powerful special interest groups that surround it will 
likely ensure that it remains the dominant fuel source for as long as possible. 
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Hydrogen is unfathomably abundant, but the world powered by hydrogen will not be 
cheap in the way we normally assume abundant things will be. The investment required will 
dwarf many of mans greatest endeavours and likely only be triggered by a catastrophic 
event or a final realisation that our dependency on oil needs to be broken. 
 
Hydrogen can be produced from the oceans using renewable energy from the sea, the sky 
and the sun. It can be used to transport and more importantly store electricity in a way that 
batteries are not forecast to be ever capable of. It is true that the process of converting 
hydrogen from water or other elements is not efficient, but if the fuel and feedstock are 
both free who cares about efficiency? Cost will be the predominant factor and with the 
world economy in such a poor state the trillions of dollars likely needed to start the 
transition to the hydrogen economy will not be invested anytime soon. 
 
That is not a good reason to sit idly by though. One of the major problems with H2FECVs 
is the fuel cell technology. It will need many years of painstaking research to perfect. 
 
The one proviso about this entire subject though is that the BEV is the ideal electric 
vehicle. The fuel cell can’t hope to rival the efficiency of the Li-Ion battery but at the 
moment it doesn’t need to. The BEV is hamstrung by poor range and massive recharge 
times. If there were to be a breakthrough in battery technology though, a fleet of BEVs 
powered by renewable energy, even if that renewable energy was hydrogen shipped to a 
hydrogen burning power station would be the best answer to human passenger 
transportation. This project makes no secret of that fact but all the available information 
suggests that such a breakthrough is neither imminent nor predicted in the near future. The 
car manufactures and major oil companies currently see the H2FCEV as the ultimate 
solution and logical progression for passenger vehicles and all the information examined in 
this study leads it to draw the same conclusion. The hard question to answer is when. 
 
 
8.5 The Need for Open Dialogue 
 
One of the most prohibitive and frustrating aspects of this study has been the difficulty in 
obtaining data, information and materials with which to improve the study. The need for 
corporations to protect their intellectual property is acknowledged and understood, but a 
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more open dialogue between academia and industry could accelerate the development of 
H2FCEVs to the benefit of both. However, more importantly it will be to the greater 
benefit of this planet and its people. There are some issues that should transcend politics 
and self-interest. The current state of the discourse on climate change does not suggest 
anyone would be receptive to this plea, but it is one worth making nonetheless. 
 
8.6 Future Work 
 
1) The fundamental power electronic control of the new topology bypass converter 
needs to be observed, described and recorded so it can be simulated with a 
complete set of empirical data rather than just the empirical data supplied by the 
device manufacturer. A scaled hardware DC-DC with thyristor bypass power 
converter system was conceptualised, designed and prepared for prototyping.  
2) Regenerative braking needs to be incorporated into the simulation model and the 
components optimised to recapture as much energy as possible. 
3) A simulation system needs to be developed to automate the variation of drivetrain 
component sizing to derive the ideal component sizing for each mode of driving 
and market. Appropriate sizing of the components could deliver significant cost 
benefits by reducing materials spend and increasing performance and efficiency. 
Because of the number of interactions between the subsystems, manually exploring 
this optimisation is likely impossible and the problem is probably best suited to 
automated analysis with high performance computing (HPC). 
4) In addition to optimising the component size, consideration should be given as to 
whether the optimal energy storage system consists of batteries alone or a 
combination of batteries and super capacitors. Further investigation in this area 
may reduce the number of battery cells required yet increase the acceleration 
performance and the amount of energy that can be recaptured by regenerative 
braking by utilising the power density of super capacitors.  
5) Significant advances are required in the fuel cell system and hydrogen storage 
system. Less significant leaps are needed in motor drive technology and battery 
control. The ability to shut the fuel cell down to reduce idling losses or at low 
efficiency operating points where the battery is better able to deliver power to the 
load more efficiently would be a significant step forward in drive train design but is 
currently prohibited by the materials technology associated with the fuel cell. 
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8.7 Summary 
 
This thesis has shown that hydrogen fuel cell electric vehicles can be developed beyond the 
current state of the art. It has identified areas where the vehicle design can be improved 
both in the drivetrain and in the whole vehicle design. It is likely that we will see the 
adoption of such vehicles within the next 20-30 years. On what scale it is hard to predict 
but this study is certain that hydrogen, electric vehicles, and the fuel cell electric vehicle in 
particular, are the only real alternatives to fossil fuel powered mass transport that are 
currently foreseeable. 
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Appendix i  
 
i.1 Oil Economics 
By 2040, the worlds fleet of personal vehicles is expected to double to 1.6 billion vehicles 
with the most rapid expansion in car ownership coming from developing countries where 
car ownership is increasingly rapidly as GDP and personal wealth increase [135, 256]. 
Rapid industrialisation has also increased the demand for oil in developing countries and as 
Figure 9.1 illustrates, oil prices have been increasing for many years and some transient 
downward spikes aside, the trend is continuously upwards.  
 
Figure 9.1 - Oil Price Index Jan 1990 - Jun 2012 (US EIA Oil Index) 
 
In countries where there is net-importation of oil the immediate economic impact is a 
transfer of wealth outside of the country and the subsequent impact of GDP [257]. When 
the oil price increases significantly, recession generally follows shortly afterwards [258] and 
it has clear knock on effects on world GDP as shown in Figure 9.2. 
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Figure 9.2 - Effect of Oil Price on US & World GDP (Data: World Bank, US EIA) 
 
To determine whether this price rise is a historical blip or a progressive and continued 
trend an understanding of how much oil we have left is necessary as the main determinants 
on price aside from demand are how much oil has been discovered (reserves), how much 
oil has been extracted (cumulative production) and an estimate of how much oil is yet to be 
discovered. 
i.2 Peak Oil 
An often-quoted phrase when talking about the future of oil is ‘Peak Oil’, the point in time 
at which the maximum rate of oil production is reached. At this point, assuming all 
production capacity is being sold, the only a way any country can get more oil, is for 
another to get less. This will mark an economic point in history and it is important to 
consider it, as if we were to suppose that there were vast resources of easily extractable oil 
yet to be discovered and they were in large singular oils fields similar to those in Saudi 
Arabia then it could be hypothesised that such a scenario where they are discovered and 
put into production in the near future would push the price of oil sharply downward and 
change many of the economic assessments made in this thesis. 
 
The Peak Oil discussion is split between ‘Peakists’ and ‘Optimists’. The Peakists contend 
that world oil production is limited by geology and that peak production will be reached 
within the next decade and when that happens it will trigger a financial crisis. They base 
their findings on technical data that is largely confidential. Optimists suggest that peak oil 
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production is driven by economics and base their work on data published about known 
reserves and production that is largely politically generated public data and therefore should 
be treated with a degree of caution [259]. Known reserves influences the price of oil, the 
stock price of oil producers and the wealth of oil producing nations and it could therefore 
be seen as expedient for any of the controlling parties to elaborate on reserves over a 
period of time to maintain price, or overstate reserves at such a time as it is expedient, for 
instance to support the share price of an oil company or the borrowing ability of a nation 
state. As an example, between 1986 and 1990 OPEC’s declared reserves increased by 
300Gbbl (300 x 109 barrels of oil) when only 10Gbbl was discovered in this period [259, 
260]. 
 
Comparing the Peakists and Optimists views on a like-for-like basis is therefore quite 
difficult but it is important to consider both cases and try and best ascertain the reality of 
the issue. Although oil production from any given resource will deplete it, as the price of 
oil increases the percentage of the total resource that is economic to extract will increase, 
thus potentially increasing total production from that originally estimated. An increased 
world price also increases activity in areas where production was, due to the costs and 
difficulties involved, never originally envisaged until recently, (e.g. Deep Sea Wells, The 
Arctic Ocean, Oil Tar Sands, Shale Oil). A scenario based on this new exploration may 
show that the rate of production could actually increase. 
 
Of all the expressed views, the most pessimistic is that peak oil has already happened and 
in contrast the most optimistic is that it will happen later this century between 2030 and 
2050. There are also those even further outside the envelope that believe the concept is 
baseless and that the only limitation on oil is economic as the market will control supply 
and deliver alternatives when necessary and that production can actually increase to meet 
any demand [261]. Jean Laherrère, who considered both viewpoints and analysed the 
available data to draw a realistic conclusion came to the view that the peak will occur as 
early as 2015. He built upon the work of M. King Hubbert who initially developed the 
theory that peak oil discovery will lead peak oil production and that peak production is 
predictable. Hubbert developed a mathematical model that described how peak oil 
discovery in the United States happened in the 1930’s and that this date could be used to 
predict peak production and derive a curve that illustrated production levels in the US oil 
industry. In 1956 he published the curve shown in Figure 9.3 that accurately predicted that 
US oil production would peak in 1970 though his estimate of a global peak between 1993 
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and 2000 has been proved by steady production increases over that period and the period 
since he formulated his idea to be too early [259, 262-267]. 
 
Figure 9.3 - Hubbert Curve vs Actual US Production Data [263] 
 
Figure 9.4 shows clearly that discoveries of oil reserves have been outpaced by demand for 
nearly 20 years and there is a growing gap between oil production and reserves. This would 
further complement the arguments that suggest peak oil has been reached, or will be 
reached in the near future.  
 
Figure 9.4 – The increasing gap between oil discovery and production [268] 
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If we set aside price, its wider impacts and potential conflicts caused by supply exceeding 
demand, how long reserves will last in total is the next question that dictates how soon 
alternatives to oil have to be found. What current proved reserves actually exist and how 
much oil has already been consumed are like the rest of this subject, both disputed. But 
most analysts and studies estimate that around 1 trillion barrels have been consumed and 
that extractable reserves total some 2-3 trillion barrels. Current consumption totals 32 
billion barrels a day and with forecast increases the near or total depletion of oil reserves 
within a lifetime is highly likely. In 2008, the International Energy Agency said the world 
needed to invest $25 trillion in energy use optimisation and alternatives to avert disaster 
and meet future fuel demands. 
 
Subsequently this thesis is written on the basis that although we do not face the danger of 
running out of oil in the immediate future, in the face of increasing demand, the price of 
oil, and thus vehicle fuel is now likely to rise continually. In the face of an expanding global 
population, and the importance of a reasonable oil price in sustaining long-term growth 
and more immediately what is currently a faltering recovery from the global economic 
crisis, it is economically imperative that alternative fuels for vehicles are found and put into 
production as soon as possible.  
 
Previous phases of mankind have not ended due to depletion, but advancement. A lack of 
stone did not cause the end of the Stone Age; a lack of coal did not cause the end of the 
Steam Age. For the first time in history, depletion of oil resources could end the Oil Age 
before technological gains relieve our dependency on it [269]. It cannot just be hoped that 
technology will provide the answer in due course as it has before without actively investing 
time and resources in research and development.  
 
i.3 Oil Politics 
The capability of oil to shape the world and events cannot be understated. Before the 
increase in demand from developing nations really took hold after 2005, previous oil prices 
spikes, so called “oil shocks” were nearly related to geo-political events, not concerns about 
reserves. The first such “oil shock” occurred due to the American Civil War, which was 
one of the first truly industrialised wars and caused a subsequent spike in commodity 
prices. 
 
 vi 
In 1894, social influences affected the price as a cholera epidemic in the Baku fields of 
Russia caused a massive drop in Russian oil exports. This coincided with rapidly decreasing 
production in the Appalachian field in the United States and oil prices subsequently spiked 
in 1895. It is worth noting the effect of decreasing production on price at this time but 
especially so in the light of the economic balance of energy in 1895. In 1900 oil 
consumption accounted for 0.4% of GNP. In 2008 it accounted for 4.8% of GDP. 
Although GNP and GDP are not strictly analogous, the difference is marked and the 
ramifications of a similar simultaneous decrease in production levels and demand-
exceeding supply would have on both the oil price and the economic outlook would be 
uncharted territory [270]. 
 
History has gone on to repeat itself many times, with oil being an objective, a tool and a 
weapon in political struggles and civil unrest throughout the world and the oil price being 
strongly correlated to significant world events. War is a common factor. The end of The 
Great War and the Russian Revolution drove the oil price up before the Wall Street Crash 
and Great Depression caused it to collapse a decade later. In the Second World War, 
Germany and Japan both made huge expansionist drives into and toward oil rich 
territories. The Germans would pay a fatal price for their attempt to reach the Caucus oil 
fields at Stalingrad and once they had retreated beyond ready supplies of oil, both Germany 
and Japan failed to sustain industrial production and fuel supplies to maintain their armies 
[271]. Oil has also caused several wars in its own right. Had Kuwait not been sat atop one 
of the world’s largest oil fields, and had the West not been concerned that Iraq would 
continue south and attack and seize the Saudi Arabian oil fields it is unlikely that the first 
Gulf War would have happened. The fields themselves became a weapon as Iraqi troops 
set them ablaze during their retreat. Likewise the closure of the Suez Canal would not have 
prompted France and Great Britain to invade Egypt in 1956 had their oil supply and 
economies not been effectively throttled by the closure. The 21st century heralded an 
increasingly unstable world. With the Cold War hegemony now a distant memory, on 
September the 11th 2001 terrorists attacked and brought down the World Trade Centre 
towers. Despite a large drop in demand from aviation due to a flurry of airline closures the 
oil price rose and another recession followed. The Arab Spring of 2011 caused further 
concerns about production in North Africa and the Mediterranean and questions were 
raised of what the risk of the civil unrest spreading to Saudi Arabia was and its possible 
affect on production 
 
 vii 
Embargos of oil have been used many times to try and influence world events with varying 
degrees of success. The US attempt to stop Japan’s expansionist policies in the 1930’s by 
removing 80% of it’s oil supply caused Japan to seek further expansion and attack Pearl 
Harbour, the act that ultimately resulted in the US laying waste to vast swathes of Japan. 
The majority of the G8 nations have embargoed Iranian oil exports to try and force Iran to 
give up its nuclear weapons program, thus far without success though the pace of 
advancement has been slowed somewhat. The most significant oil embargo came during 
the 1970s though. The oil price was increasing due to the peak in US production being 
reached in 1970 [265, 266]. Five Middle Eastern oil producers from OPEC (Organisation 
of Petroleum Exporting Countries) were of growing influence and controlled around 36% 
of the world supply. In 1973, when commodity prices were already on the increase in the 
US, the Middle Eastern members of OPEC declared an embargo on oil exports to the US 
in response to US support for Israel during the Yom Kippur war. OPEC then also cut 
production, reducing the world supply by 7.5% and, on January 1st 1974, it the price of oil 
had more than doubled. In 2011 equivalent prices, crude jumped from $17 a barrel to $53. 
This caused inflation and recession within the world financial system that lasted into the 
1980’s even though the embargo was lifted in March 1974 after failing to achieve its aim – 
Israel won the war. This was not a problem of resources but a political act, that had huge 
consequences such as precipitating a change of the British government in the February 
1974 General Election. This was further compounded when in 1979 the Shah of Iran was 
deposed during the Iranian revolution. Strikes in Iran’s giant oil fields were commonplace 
and world production fell by around 7%. Saudi Arabia managed to increase production and 
restore a third of the lost output but a shortfall remained. Prices increased and at the 
human level shortages of fuel supplies were commonplace and global recession again 
followed. With oil now at $98 a barrel, in 1980, Iran and Iraq went to war, causing the price 
to reach a new all time high of $100 a barrel (prices in constant 2011 US dollars). 
 
The experience of a turbulent decade was not forgotten easily in the major oil consuming 
nations and for the first time they caused a major shift in behaviour and improvements in 
technology that through the 1980’s led to a decrease in fuel consumption. In 1974 a federal 
law imposed a US wide maximum speed limit of 55mph. In Britain, speed limits were 
reduced on previously de-restricted roads from 70mph to 60mph on dual carriageways and 
70mph to 50mph on all other roads, though motorways remained at 70mph. Speeding fines 
were increased and enforcement stepped up. This was aimed at increasing efficiency, the 
United States Congress stating that a reduction from 75mph to 55mph used 17% less fuel. 
Automotive manufacturers were also forced to act, being forced (despite their strong 
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objections and intensive lobbying) in 1975, to double fuel efficiency to 27.5mpg within 10 
years. 
 
The oil price declined continually through the early 1980’s despite the best efforts of some 
OPEC nations. Saudi Arabia shut down 75% of its production from 1981 to 1985, losing 
market share in the process, yet the price still fell from $100 a barrel high in 1980 to $58 a 
barrel in 1985. To regain market share Saudi Arabia ramped production back up in 1986 
and the price of oil collapsed to $29 a barrel and coincided with extensive deregulation in 
the financial markets that together helped fuel the global economic boom of the late 
1980’s. 
 
The economic power of oil and energy was brought into sharp focus in 2001 when 
histories largest example of corporate malfeasance in the energy sector was exposed. 
Enron, in increasingly desperate efforts to obtain income to maintain its vastly over 
inflated share price began deliberately orchestrating blackouts on the Californian power 
grid to drive up the price of the energy they were trading. Despite available supply 
comfortably exceeding demand, Californian residents experienced rolling blackouts and sky 
rocketing energy prices. The human cost went further as when Enron was exposed and 
crashed into bankruptcy, pension funds and individual investors lost hundreds of millions 
of dollars they had invested in Enron stock.  
 
The economy also served to halt a continual rise in prices when the 2008 Financial Crises 
triggered a massive slowdown in global trade and manufacturing and caused a reduction in 
oil demand for the first time in several years. Key to this sustained rise was the lack of 
additional production capacity after 2005 [258, 266]. The global financial crisis was only a 
brief moderator of price though and as recovery slowly started the price began to rise.  
 
The past 200 years of oil shocks and the price of oil price are strikingly visualised overleaf 
in Figure 9.5. The price throughout history has been converted into constant 2011 US 
dollars to illustrate the relative economic effect that each event had but the trend of war, 
civil unrest, embargos and terrorism causing the oil price to spike is clear. 
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Figure 9.5 - How Oil Prices Are Linked to Geo-Political Events [2] 
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With rising oil prices again since the financial crises, and with little spare capacity an 
interesting phenomenon is observable. The economic recovery is affected by the oil price, 
and the oil price is affected by the recovery. Uplift in manufacturing generally causes an 
increase in the oil price, but that price rise then has the effect of causing the fragile growth 
to falter. Oil for the first time also showed some signs of behaving differently to the 
different commodity markets. Copper is a key commodity in most electrical and electronic 
items and it has been growing in price for many years however it has not followed some of 
oils recent price rises as it has in the past. The difference between the two commodities is 
that there are no long term concerns over the supply of copper [272]. 
 
The ramifications of political events on oil prices are plain to see and the economy of 
nations and the world as a whole are directly affected by changes in oil price. Each major 
oil price shock has been followed by an economic recession in the affected areas. The 
causes of these oil price shocks are not always controllable by the countries and areas they 
affect and therefore economic development should be considered a hostage to oil prices. 
Reducing the dependence on oil will reduce the impact of these effects and also give back 
some self-control over managing the impact whilst a continuance of current consumption 
and dependence will increase the risk to economic development. Previous shocks have 
been managed and mitigated by increasing productions in other areas. With global demand 
now normally using nearly all available production capacity, it is going to be increasingly 
difficult to pick up any sudden loss of capacity and the effect of the world economy will 
become increasingly profound. The political risks of our oil dependence are illustrated in 
history by war, the fall of governments and recession. Energy is a driving force of 
development, but it can also be the catalyst for chaos. Finding more stable ways to power 
the world and further social change must be found. 
 
i.4 Security of Supply 
Another key consideration of a resource on which we politically depend so highly is the 
country of origin. In the case of oil, much of it comes from unstable countries and 
autocratic regimes. The Arab spring of 2011 showed how quickly the balance of power 
shifts in such places and the OPEC crisis of the 1970’s showed oil supplies used as leverage 
against those nations dependant on imports for their supply due to the whim of several 
large suppliers. Of the ‘giant’ oil fields that form much of the world supply, many are 
located in countries with currently active social unrest or the potential for conflict. The 
United States for example currently obtains around 8.1% of its oil from Venezuela with 
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whose government it has a long standing and public dispute; 8% from Iraq which is still 
beset by internal sectarian violence; 7.1% from Mexico where there is a virtual war between 
drug cartels and the government in the US border area; 6.1% from Nigeria, a country 
where corruption is rife; 4.5% from Angola, where infant mortality and the standard of 
living is amongst the lowest in the world; and 8% from Russia, a country that has at times 
frosty relations with the US.  42% of Americas oil supply of June 2012 came from unstable 
nations or nations that American might not be able to positively influence at all times [273].  
 
During 2012, much political and press attention was focused on Iran being the largest 
threat to the wider world due to the country seemingly being set on developing a nuclear 
weapons program that the world largely opposes. Israel sees this as a major threat to its 
security as Iran has a long-standing policy of wishing to see the Jewish state eliminated. 
The United States also has key interests in the area. A nuclear-armed Iran would change the 
balance of power in the region dramatically and Iran has responded to both the perceived 
threat of American and/or Israeli military action to stop their nuclear program by threating 
to close the Straits of Hormuz. Figure 9.6 shows how the Straits are a strategic bottleneck 
in the Persian Gulf. Iran’s threat to close the Straits of Hormuz and the 17 million barrels 
of oil a day that transit through, including the 18% of the American oil supply that comes 
from Saudi Arabia, 8% that comes from Iraq and 5.1% that comes from Kuwait [273],  has 
been taken seriously enough to prompt the deployment of significant multi-national naval 
forces and for Saudi Arabia and the United Arab Emirates to build a pipeline to bypass it 
that can carry 6.5 million barrels a day [274]. 
 
 
Figure 9.6 - The Persian Gulf  & Expanded View of the Straits of Hormuz[275, 276] 
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Given the implications of small decrease in supply in the current world marketplace, having 
a very real threat to such a significant portion of the worlds oil supply has both an 
inflationary effect on the oil price and asks questions about whether the risk and supply 
security can or should be managed in the long term. 
 
Securing supplies is often also a matter of influence. As China’s need for oil supplies grew 
with its booming economy it began to build direct and indirect influence in many of the 
countries that it obtains supplies from. It has not joined the EU & US embargo on Iran for 
instance and has underwritten and built significant amounts of social infrastructure in 
countries like Nigeria, Angola and Sudan in Africa where China obtains 30% of its oil 
supply [277]. Western economies such as the UK, still recovering from the cost of the 
financial crisis, do not have the same resources to secure such influence. Although the 
world is not there yet, in a marketplace where supply is saturated by demand that influence 
will probably start to dictate who can secure sufficient oil supplies to meet their needs. 
 
Historically it also of note that a small group of oil producing nations, where over 10% of 
GDP is linked to oil income, have been responsible for over a quarter of the worlds 
international conflicts since 1970. Conventional conflicts are not the only direct 
destabilising result of oil wealth. Libya funded and provided weapons to the Irish 
Republican Army throughout the 1980’s and Iran has been the primary funder of Hamas 
for many years [278].  
 
Supply security is a key factor in the oil price. As production capacity is further utilised to 
its limits, smaller and smaller fluctuations in the supply will have proportionally larger 
effects than has been the case before. Diversification in energy supply by finding 
alternative ways of meeting demand can help mitigate that risk and potentially avoid 
conflict, the need to maintain deterrence forces in hostile areas and fight costly wars in 
foreign lands. 
 
i.5 Oil Technology 
The “Optimists” often cite technological developments in petroleum extraction and use as 
the solution to our oil dependence. There is a degree of reason in such a belief but there 
are also causes to believe that such developments, whilst they may sustain supplies for 
longer than would otherwise be possible, are likely to contribute to the increasing price of 
oil. Many of the techniques that are now being used to increase production yield and 
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exploit new resources are not in fact new. Horizontal drilling for instance, is in 
technological terms, old. Like other enhanced recovery techniques implemented over 
recent decades, their development and use is a direct result of the price of oil making it an 
economically viable extraction technique.  
 
Deep water drilling is another development made viable by technology and the escalating 
price of oil, but it carries with it-increased risks as demonstrated by the disaster in the Gulf 
of Mexico in April 2010. Deep Water Horizon was a drilling platform working in the 
Macondo Prospect field at a depth of 1,500m above the seabed and to a total expected 
drilling depth of 5,600m. During drilling operations a bubble of methane gas escaped up 
the drilling column and onto the deck of the platform. The ensuing explosion and fire 
killed 11 people and ultimately destroyed and sank the $550 million drilling platform. The 
failure of the protection device at the wellhead on the seabed was to become the larger part 
of the story though. On the seabed there was a blowout preventer that was designed to 
prevent the escape of oil and gas in the event of a problem with the well. The blowout 
preventer failed and for over three months the largest marine oil spill in history occurred,  
with 4.9 million barrels of oil flowing into the Gulf of Mexico. The failure of a well at 
depths where only remotely operated vehicles can go was anticipated, but the technology 
designed to mitigate the risk failed. The only way to solve the problem was to drill a relief 
well, a lengthy and expensive process.  
 
The tar sands of Canada now account for around a quarter of US imports [273] though this 
comes at a financial and environmental cost. Extraction of oil from the tar sands is an 
energy and water intensive process, far more so than drilling a conventional well. 
Nevertheless it has become a major source of oil for the United States and Canada. 
 
Hydraulic fracturing (Fracking) of oil and gas deposits held in shale rocks has been one of 
the recent great hopes for energy security in many countries. Some of these hopes have 
been dashed; Poland had high hopes for large potential reserves but has since abandoned 
development. In the UK, Fracking at a test site in Cumbria is thought to be the cause of a 
(very) minor earthquake in 2011 though permission has subsequently been given to 
continue drilling. Groundwater pollution from Fracking is a continuing concern with 
production companies estimating that 25% of the fluid used in the process cannot be 
recovered. The long-term effects on the groundwater supply are as yet unknown but 
development of Fracking has been rapid, especially in the US as it strives to reduce its 
energy imports. 
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All of these unconventional reserves come at a higher cost, both financial and 
environmental and whilst current high prices make them economic and their location 
enables diversification of supply, they are not a panacea or solution that will end worries 
about supply or drive price downward. 
 
The main beneficial improvement in oil technology can yield is in the consumption sector. 
Improvements in efficiency of the internal combustion engine will be discussed later in this 
chapter but optimising the processes that consume oil to reduce consumption is one way 
that consumption and dependence can be reduced reasonably significantly whilst having 
the simultaneous benefit of reducing greenhouse gas emissions. Historically the main driver 
behind efficiency has been cost, with environmental concerns a relatively recent and 
secondary factor. Energy intensity varies throughout the world but there is a clear 
correlation between the cost of oil and how efficiently it is used. There are still nations that 
subsidise the cost of fuel and whilst a boon for the people that benefit, in the wider view it 
is an unhelpful policy and does not incentivise efficiency or help promote alternatives. 
 
i.6 Environmental and Social Impacts 
The direct social costs of oil dependence will increase with price. Fuel poverty will hit those 
on lowest incomes the hardest and restrict their ability to travel [262, 279] which may 
further limit their income and social mobility. The health costs of oil are mainly related to 
exhaust gas emissions. Respiratory problems such as asthma have increased significantly in 
industrialised nations over the last 50 years [280] and exposure to vehicle exhausts is 
thought to be a significant risk factor [58, 281-283]. 
 
Climate change is a topic that promotes even fiercer debate than peak oil, both as to its 
cause and its impact. There is an overwhelming consensus though that the climate has 
warmed significantly in the past 50 years and that the emission of greenhouse gases by 
human activity involving fossil fuels is a significant factor [284-287]. Climate change could 
have wide reaching effects. A rise in sea level due to melting sea ice and glaciers could 
destroy large swathes of low-lying land causing displacement of people across the world. 
Increasingly frequent and violent weather phenomena cause increasing amounts of death 
and destruction. Changeable weather affects crop yields at a time when food commodity 
prices are already at high levels and changeable weather can further increase demand for 
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energy. Changing climate can further exacerbate air pollution problems and the health 
impacts and climate change itself can lead to respiratory health problems [283, 288]. 
 
The need to act to reduce greenhouse gas emissions to combat climate change is 
complicated by public perception and vested interests. Some major media outlets give 
climate change sceptics prominent feature over and above proponents, whilst others do the 
opposite, confusing the public about the need for urgent action [287, 289, 290]. The global 
economic crises has cut budgets across the world and focused investment on those areas 
needed for short-term economic growth. Concern about climate change has decreased as 
immediate personal financial concerns have come to the fore [291] and as recent 
changeable, often cooler, local weather patterns have changed peoples perceptions about 
global warming [292] . 
 
i.7 Resistance To Change 
The industry that surrounds fossil fuels is massive and the political influence it can bring to 
bear should not be underestimated. The immediate concern of an oil company is to 
generate returns for its shareholders and in times of rising prices delivering ever increasing 
profits, there can be no assurances that oil producers will do anything to reduce our 
dependence on oil and may in fact act to further it. The ‘supermajor’ oil companies BP, 
Shell, ExxonMobil, Total and Chevron all have active programs working towards 
alternative energy sources that they are keen to promote and cite as part of their policy of 
tackling climate change but they do not see alternative energy becoming a major part of the 
energy mix anytime soon. BP predicts that in 2030, renewable sources will only provide 
18% of our energy, up from 5% in 2010 [39]. For many of the major petro states, 
particularly in the Middle East, oil is the basis of their entire economy. Saudi Arabia for 
instance generates 90% of its export income from oil. Although investment in diversifying 
the economy is increasing [293] the logical course for any such state is to maximise the 
returns on remaining oil reserves. 
 
Automotive manufactures have a vast installed production capacity centred on the internal 
combustion engine vehicle and with significant amounts of capital invested in each new 
model that can continue to sell for typically 5-10 years. Previous initiatives to increase fuel 
efficiency have met with resistance from the industry [9, 10, 294, 295] and although nearly 
all the major companies have active alternative fuel vehicle programs, none has yet been 
taken beyond niche market levels. At the human level, the production of more fuel-
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efficient internal combustion engine vehicles has had the effect of people buying larger, 
more powerful cars and travelling more miles rather than peoples “vehicle related 
behaviour” being unaffected and fuel consumption simply being modified so the net effect 
is only a slight reduction in fuel consumption [13, 14, 296]. 
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Appendix ii   
ii.1 Siemens Motor Drive Parameters 
%%	  Motor	  &	  Transmission	  Inertia	  (kgm^2)	  
J_motor	  =	  0.049;	  
J_gearbox	  =	  0.1;	  
	  
%%	  Motor	  Angular	  Speed	  LUT	  
Motor_omega	  =	  [0	  104.72	  209.44	  314.16	  418.88	  523.6	  628.32	  733.04	  837.76	  
942.48	  1047.2];	  
%%	  Motor	  Torque	  LUT	  
Motor_torque	  =	  [0	  10	  20	  30	  40	  50	  60	  70	  80	  90	  100	  110	  120	  130	  140	  150	  160	  170	  
180	  190	  200	  210	  220	  230	  240	  250	  260	  270];	  	  
%%	  Motor	  Voltage	  LUT	  
Motor_voltage	  =	  [250	  300	  350	  400];	  
	  
%%	  Gear	  Ratio	  
Gear_Ratio	  =	  9.81;	  
	  
%%	  Absolute	  Maximum	  Peak	  Torque	  (Nm)	  
T_max	  =	  270;	  
	  
%%	  Torque	  Control	  Saturation	  Value	  
T_drive_max	  =	  Gear_Ratio	  *	  T_max;	  
	  
%%	  Max	  Drive	  Speed	  
Omega_limit	  =	  1047.2	  /	  Gear_Ratio;	  
U_limit	  =	  Omega_limit	  *	  r_tire;	  
RPM_limit	  =	  1150.954839;	  
	  
%%	  Max	  Torque	  vs	  Voltage	  Characteristic	  
T_max_speed_index	  =	  [0	  104.72	  209.44	  314.16	  418.88	  523.6	  628.32	  733.04	  837.76	  
942.48	  1047.2];	  
T_max_voltage_index	  =	  [250	  300	  350	  400];	  
T_max_250	  =	  [260	  260	  260	  260	  232	  174	  127	  100	  77	   62	  50];	  
T_max_300	  =	  [260	  260	  260	  260	  260	  240	  193	  150	  120	  98	   80];	  
T_max_350	  =	  [260	  260	  260	  260	  260	  260	  244	  206	  169	  137	  116];	  
T_max_400	  =	  [260	  260	  260	  260	  260	  260	  260	  245	  214	  181	  154];	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ii.2 Siemens Motor Drive Loss at 250V LUT 
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ii.3 Siemens Motor Drive Loss at 300V LUT 
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ii.4 Siemens Motor Drive Loss at 350V LUT 
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ii.5 Siemens Motor Drive Loss at 400V LUT 
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Appendix iii   
iii.1 Simulation Model Parameters 
%%	  Vehicle	  Chassis	  Mass	  (kg)	  
Mass_vehicle	  =	  859;	  
	  
%%	  Topology	  Specific	  Component	  Total	  Mass	  (kg)	  
Topology_A	  =	  355;	  
Topology_B	  =	  421;	  
Topology_C	  =	  383.5;	  
Topology_D	  =	  426.5;	  
Topology_E	  =	  392.5;	  
Topology_F	  =	  435.5;	  
Topology_G	  =	  465;	  
Topology_H	  =	  470;	  
Topology_I	  =	  490;	  
Topology_J	  =	  400;	  
Topology_K	  =	  647.5;	  
Topology_Q	  =	  426;	  
Topology_New	  =	  425;	  
M_vehicle	  =	  Mass_vehicle	  +	  Topology_New;	  
	  
%%	  Drag	  Coefficent	  
C_drag	  =	  0.30;	  
%%	  Frontal	  Drag	  Area	  of	  Vehicle	  Cd	  Measured	  Over	  (m^2)	  
A_vehicle	  =	  	  0.6333;	  	  
	  
%%	  Wheel	  Data	  
r_wheel	  =	  0.254;	  
r_tire	  =	  0.381;	  
m_tire	  =	  7;	  
m_wheel	  =	  7.25;	  
	  
%%	  Wheel	  Inertia	  
J_wheel	  =	  ((m_tire	  *	  (r_tire^2))	  +	  (m_wheel	  *	  (r_wheel^2)));	  
	  
%%	  Maximum	  Breaking	  Force	  (N)	  
F_brake_max	  =	  0.6*g*M_vehicle	  ;	  
	  
%%	  Maximum	  Braking	  Torque	  (Nm)	  
T_brake_max	  =	  F_brake_max	  *	  r_tire;	  
	  
%%	  Starting	  Speed	  (m/s)	  
u_zero	  	  =	  0;	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Appendix iv   
 
iv.1 Fuel Cell Characterisation Data 
Demand 
Current (A) 
Stack Current 
(A) 
Stack Voltage 
(V) 
H2 
Consumption 
(kg/hr) 
System Power 
(W) 
Stack Power 
(W) 
Efficiency 
(%) 
0 1.26 395.5 0.0117 0 0 20 
3.52 13.9 395.5 0.1346 1392.16 4315 32.2595 
11.08 17.88 382.5 0.1819 4238.1 6057.2846 69.967 
18.75 26.35 374.5 0.3078 7021.875 10250.3688 68.5036 
33.2 43.1 364 0.545 12084.8 18149.9863 66.583 
57.34 68.94 351.5 0.9414 20155.01 31346.9945 64.2965 
75.99 91.59 344 1.2475 26140.56 41542.6946 62.9246 
99.84 118.34 336 1.6391 33546.24 54581.1637 61.4612 
119.56 140.76 329.5 1.9628 39395.02 65361.8183 60.2722 
138.42 162.72 322.5 2.2724 44640.45 75672.3226 58.9918 
155.87 184.97 317 2.5589 49410.79 85211.9991 57.9857 
169.11 201.51 313.5 2.7763 53015.985 92450.1262 57.3455 
179.2 213.9 311 2.9419 55731.2 97966.1913 56.8882 
187.77 222.87 308 3.0826 57833.16 102651.2932 56.3394 
190.74 227.34 306.5 3.1314 58461.81 104274.9516 56.0651 
196.9 232.9 304.5 3.2325 59956.05 107642.5394 55.6992 
211.02 251.72 298.5 3.4643 62989.47 115361.7505 54.6017 
222.4 264.5 295.5 3.6511 65719.2 121583.041 54.0529 
228.86 272.56 293.5 3.7572 67170.41 125114.6347 53.6871 
233.51 277.21 290.5 3.8335 67834.655 127656.7262 53.1383 
 
